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Abstract Glycosylation has been recognized as one of the
most prevalent and complex post-translational modifications
of proteins involving numerous enzymes and substrates. Its
effect on the protein conformational transitions is not clearly
understood yet. In this study, we have examined the effect of
glycosylation on protein stability using molecular dynamics
simulation of legume lectin soybean agglutinin (SBA). Its
glycosylated moiety consists of high mannose type N-linked
glycan (Man9GlcNAc2). To unveil the structural perturbations
during thermal unfolding of these two forms, we have studied
and compared them to the experimental results. From the per-
spective of dynamics, our simulations revealed that the
nonglycosylated monomeric form is less stable than corre-
sponding glycosylated form at normal and elevated tempera-
tures. Moreover, at elevated temperature thermal destabiliza-
tion is more prominent in solvent exposed loops, turns and
ends of distinct β sheets. SBA maintains it folded structure
due to some important saltbridges, hydrogen bonds and hy-
drophobic interactions within the protein. The reducing termi-
nal GlcNAc residues interact with the protein residues
VAL161, PRO182 and SER225 via hydrophobic and via

hydrogen bonding with ASN 9 and ASN 75. Our simulations
also revealed that single glycosylation (ASN75) has no signif-
icant effect on corresponding cis peptide angle orientation.
This atomistic description might have important implications
for understanding the functionality and stability of Soybean
agglutinin.
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Nomenclature
SBA Soybean agglutinin
Gly_SBA Glycosylated soybean agglutinin
Non Gly_SBA Non glycosylated soybean agglutinin

Introduction

Protein glycosylation is a profusely diverse and complicated
form of co- and or post-translational modifications, in which a
glycosyl donor of a glycan is covalently attached to the gly-
cosyl acceptor amino acid side chain of a protein [1]. Glyco-
sylation is an event that modulates many physiochemical and
biological properties of the protein, for instance elements of
recognition during cell-cell adhesion, cell growth and differ-
entiation, inflammation, etc. [2–5] . N-glycosylation occurs in
more than 60 % of the proteins that possess the potential
sequon BN-X-S/T^ [6–8]. Most apparently, N-glycosylation
has critical structural and functional roles in accelerating and
decelerating protein folding, maintaining stability and integri-
ty of the structure, increasing cooperativity, formation of sec-
ondary structure, reduction of aggregation, masking of hydro-
phobic surfaces and enhancing formation of disulfide bridges
[7, 9–17] . However, achieving a molecular-level

Electronic supplementary material The online version of this article
(doi:10.1007/s10719-015-9601-y) contains supplementary material,
which is available to authorized users.

* Avadhesha Surolia
surolia@mbu.iisc.ernet.in; surolia@nii.res.in

* Chaitali Mukhopadhyay
chaitalicu@yahoo.com; cmchem@caluniv.ac.in

1 Department of Chemistry, University of Calcutta, 92, A. P. C. Road,
Kolkata 700 009, India

2 Molecular Biophysics Unit, Indian Institute of Science,
Bangalore 560 012, India

Glycoconj J (2015) 32:371–384
DOI 10.1007/s10719-015-9601-y

http://dx.doi.org/10.1007/s10719-015-9601-y
http://crossmark.crossref.org/dialog/?doi=10.1007/s10719-015-9601-y&domain=pdf


understanding of the role of N-glycan on these processes in
molecular terms is still at its infancy. Studies on the affect of
glycosylation on proteins can be attributed in part to an im-
mense heterogeneity of glycans and the difficulty of obtaining
them in sufficient amounts for detailed structural studies. Nev-
ertheless, exploring the impact of glycosylation on the struc-
tural and functional aspects of protein, especially protein fold-
ing has been of considerable interest for a long time. Since
glycosylation stabilizes the native conformations ofmany pro-
teins against much instability especially against thermal dena-
turation, exploring the interplay between the addition of gly-
cans and protein folding kinetics are of considerable contem-
porary interest. For example, the essentiality of glycosylation
on the protein folding, stability and function is clearly empha-
sized from the reports of HIV 1 gp-120 protein, which needs
glycosylation to reach its final folded state and the glycosyl-
ated RNase B, which exhibited higher folding rate than its
nonglycosylated counterpart RNase A, though its role is lim-
ited to inducing the local conformational alterations nearby
the glycosylation sequon [14, 18–20]. Studies reported here
attempt to understand the role of the N-linked high mannose
glycan (Man9GlcNAc2) on the glycosylated on the Soybean
agglutinin.

Soybean agglutinin (SBA) is a homo-tetrameric legume
lectin with a molecular weight 28,750Da for each of its mono-
mer. Each of its subunits is glycosylated and possesses one
Ca++ and one Mn++ ions per subunit. The monomeric unit of
soybean agglutinin tetramer, like any other legume lectin is
composed of β sheets and adopts a tertiary structural β-
sandwich fold described as the Bjelly roll^motif [21]. The fold
consists of two separate β-sheets of antiparallel β-strands as
represented in the Fig. 1. A six stranded Bback^ β-sheet is
positioned at the back of a curved seven-stranded Bfront^ β-
sheet and a sheet above them forms a Broof^. There are several
interconnecting loops in the motif to hold the sheets together.
The structure is stabilized by two strong hydrophobic cores;
one at the center of the three sheets and the other in the cur-
vature of the front β-sheet. Initially, the dimer is formed by
positioning the two flat six stranded Bback^ β sheets from
each monomer in an antiparallel side-by-side fashion to gen-
erate a contiguous canonical 12-stranded β-sheet. These di-
mers are then oriented back-to-back to form a dimer of dimer,
i.e., to form a tetramer [22]. Earlier, experimental studies were
performed on SBA to study the relative unfolding pathway in
comparison with another tetrameric lectin, Concanavalin A
(ConA) that exhibits similar tertiary structural fold sharing
45 % similarity but is unglycosylated [23]. The isothermal
denaturation data has revealed that the ΔG of unfolding of
SBAwas much higher than that of ConA and the Tg of latter
is 18 °C lesser than the former, implying higher conformation-
al stability of SBA, which were attributed to the ionic interac-
tions at the noncanonical subunit interface coupled with the
glycosylation [23]. Previously, the monomeric subunit of

SBA was also analyzed for thermodynamic parameters, sub-
jected to size-exclusion chromatographic and dynamic light
scattering studies followed by circular dichroism and fluores-
cence spectroscopy to assess the stability of the monomeric
subunit, which showed that the monomer is well folded and
the subunit interactions contribute to the overall protein sta-
bility [24] . To ascertain the remarkable stability in terms of
free energy of unfolding of SBA vis a vis its glycosylation, the
unfolding of the nonglycosylated SBAwas compared with its
glycosylated counterpart, which revealed that the
nonglycosylated form demonstrated lower stability when
compared to the glycosylated form [25] which is consistent
with the isothermal and thermal denaturation profiles and
which had highlighted the attributes of glycosylation for sta-
bilization of SBA. Since, each monomer of SBA is glycosyl-
ated at ASN75 (PDB Id: 1G9F) and small units are best stud-
ied for folding dynamics, exploring SBA unfolding dynamics
in the presence and absence of covalently attached glycans
will complement and advance the hitherto existing knowledge
on the importance of glycosylation in attaining stability. In this
paper, to evaluate the thermal stability of Soybean agglutinin,
SBA monomer simulations were done instead of tetramer due
to two main reasons. SBAmonomer serves as excellent model
system for studies of multisubunit proteins (Srinivas et al.,
2001). Secondly, most of the studies in this field have mainly
concentrated on small monomeric proteins, which have pro-
vided a lot of information about the stability and folding path-
ways of such proteins [24]. Thus, in concurrence with the
earlier experimental evidences, our present efforts comple-
ment the findings by molecular dynamics of the monomeric
SBA and further computational analysis of the relative
unfolding dynamics of glycosylated (Gly_SBA) and
nonglycosylated SBA (NonGly_SBA). Here, we mainly ex-
amined the influence of glycosylation on the stability and
structure of SBA monomer, at 298 K and higher temperature
in explicit water environment. Therefore, in the present study,
we have explored the unfolding process of SBA with and
without glycosylation to understand its role in structural sta-
bility and function. Our simulations not only reveal the con-
formations sampling of SBA, but also provides the molecular
mechanisms by which glycosylation can help in folding by
forming folding nucleus involving specific contacts with the
oligosaccharides moiety (Sandeep et al.,2011).

Materials and methods

Initial structures

X-ray structure of SBA with 253 amino acids in length and
29 kDa molecular weight (PDB ID: 1G9F) was obtained from
Brookhaven Protein Data Bank (http://www.rcsb.org/pdb)[26,
27]. The three-dimensional structure of SBA is known to
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consist of helices and anti-parallel β sheets; helices are com-
posed of (residues104-108) and (residues244-250), respec-
tively, the six stranded Bback^ β sheets composed of amino
acid residues (2–8), (69–79), (162–169), (174–181), (186–
193) and (220–232), whereas the seven β strands of Bfront^
β-sheets are constituted by amino acid residues (18–22), (48–
53), (88–96), (121–126), (138–143), (150–153) and (203–
212) (Fig. 1) [27] . The existing glycan (GlcNAc2) was re-
placed at Asn-75 with high mannose glycan (Man9GlcNAc2)
obtained from SWEET II database [28]. The molecular
models for each glycosylated and nonglycosylated SBA was
built with the general molecular modeling program, CHAR
MM [29].

Molecular dynamics simulations

Molecular mechanics and dynamics simulations were per-
formed on IBM Blade Server using NAMD-2.7 package for
all variants [30]. We have performed normal and thermal MD
simulations for both the glycosylated and nonglycosylated
monomers of SBA in explicit solvent systems to assess their
inherent flexibilities. The monomeric systems (with and with-
out N-linked glycans) were prepared in CHARMM using all
atom CHARMM 31b1 force field and modified TIP3P water
model [31] . TIP3P, three-site rigid water model was used to
solvate Gly_SBA and NonGly_SBA systems. Care was taken
to remove water molecules, if they were closer than 2.6 Å to
any heavy atoms of the proteins. In summary, each system

containing protein and water molecules were simulated under
periodic boundary conditions with an orthogonal box of de-
fined dimensions.

MD parameters

Subsequent to system preparation, the structure was mini-
mized by 10,000 steps, to remove the steric clashes. After
minimization the systems were gently heated from 0 K to
298 K and then maintained in isothermal-isobaric ensemble
(NPT) with a target temperature of 298 K and at constant
pressure of 1 bar. The Langevin dynamics was employed to
maintain temperature at 298 K and Nośe-Hoover-pistons were
applied for pressure control 1 atm [32]. The long range inter-
actions were computed employing particle mesh Ewald meth-
od [33] and the short range interactions were cut off at 10 Å.
The volume of the box was equilibrated for 350 ps at constant
temperature and pressure. Following equilibration, the sys-
tems (glycosylated and nonglycosylated) were subjected to
production dynamics and this phase continued for 100 ns with
a time step of 2 fs maintained in isothermal and isobaric en-
semble (NPT). SHAKE algorithm is used on all hydrogen-
heavy atom bonds to permit a dynamics time step of 2 fs
[34]. Elevated temperature MD simulations were performed
for both the SBA systems (Gly_SBA and NonGly_SBA) to
unfold the protein at 380 K with identical parameters, as
discussed above. Each of the simulations of glycosylated
and nonglycosylated SBA at two temperatures were repeated

Fig. 1 Cartoon representation of three dimensional structure of SBA
along with N-glycan at Asn75. The cyan and green spheres represent
the Ca2+ and Mn2+ metal ions. The covalently attached oligosaccharides

are shown as dynamic bonds. Amino acids sequences of SBAwith sec-
ondary structure definition are shown below, where front, back beta
sheets and helices are indicated by blue, red and pink colours respectively
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two times using different random number seeds for assigning
different starting velocities. The simulations have been called
S1 and S2 respectively. We used VMD for molecular visual-
ization and CHARMM is used to analyse the four systems
[29, 35].

Trajectory analysis

The production simulations have resulted into trajectories,
which were subjected to standard analyses including root-
mean square deviation (RMSD) relative to the initial structure
and root-mean-squared fluctuations (RMSF) relative to the
average positions. In addition, fewmore analyses were carried
out to better compare the Gly_SBA and NonGly_SBA simu-
lations. These include calculations of solvent accessible sur-
face area (SASA), native contacts and number of hydrogen
bonds in protein and cis peptide angle distributions. Contact
maps were done to account the changes in secondary struc-
tures and stability of monomeric SBA structures were ana-
lyzed by identifying the stable salt bridges and interaction of
protein residues with oligosaccharides.

Results and discussions

Glycosylation has a repertoire of functionalities and rendering
structural stability to the protein can be perceived as one of its
major attributes. In this arena, our present effort focuses on the
cr i t i ca l i ty of g lycosy la t ion of N- l inked glycan
(Man9GlcNAc2) in upholding the structural stability of a mo-
nomeric unit of soybean agglutinin through complex molecu-
lar dynamics simulations. For this, glycosylated and non-
glycosylated SBA were generated from the 3D coordinates
of SBA (PDB ID: 1G9F). The covalently attached GlcNAc2
was removed and replaced with the high mannose glycan -
Man9GlcNAc2, which was then used in this study (see Fig. 1).
MD simulations provide promising atomic-level description
of protein stability when subjected to various physiological
conditions, like temperature in the presence and absence of
covalently attached glycan to recount the impact of glycosyl-
ation in maintaining the structural integrity of the variants of
SBA. A spectrum of analyses was performed to shed light on
the relat ive structural stabi l i ty of Gly_SBA and
NonGly_SBA.

Initial conformation of the oligosaccharide moiety

We have analyzed the conformational changes occurring in the
oligosaccharide moiety of glycosylated SBA during the first
10 ns of simulations. The flexibility of the oligosaccharide
has already been investigated in earlier studies using MD sim-
ulations [36, 37]. Molecular dynamics simulation of oligosac-
charides and their conformation in the crystal structure of

lectin-carbohydrate complex was reported by Qasba et al.
[38]. However, in those studies the majority of the SBA protein
was restrained and the simulations were for short durations.
Since our current study involved multiple numbers of long
simulations without any restraints, it might give a more realistic
picture of the conformational dynamics of the oligosaccharide
moiety. Table 1 lists the average values of the various dihedral
angles of linkages in the oligosaccharide along with the stan-
dard deviations over the initial 10 ns simulations for each of the
two trajectories for glycosylated SBA at 298 K. For the purpose
of comparison we have listed in Table 1, the average and stan-
dard deviation values of the corresponding dihedral angles.
These dihedral values have been reported from crystral data
by Petrescu et al. [39]. In glycosylated SBA, oligosaccharide
contains 11 sugar residues (254–264) [Supporting Figure S5],
the structure of the which was investigated by high resolution
1H NMR spectroscopy [40]. The values that have been obtain-
ed from this present work [Table 1] are similar to the MD and
NMR data obtained by Homans et al. and Olsen et al.[41]. For
example, the average values for ϕ1 for GlcNAc254β (1–4)
GlcNAc255 linkage in our simulations ranged between −73
and −86° and ψ1 was ranged between 154 and 160°, which
were close agreement with values reported by Homans et al.
Table 2 contains the glycosidic dihedral angles (γ) measured as
Cγ -N-C1-O5 (between Cγ-N of ASN-75 and C1-O5 of
GlcNAc) and the chi (χ) angle measured as N-Cα-Cβ-Cγ for
the side chain of Asn-75. For nonglycosylated SBA the average
value of the χ dihedral angle of the Asn-75 side chain was
found to vary between −52 and −73 ° in two different simula-
tions and the standard deviations were as high as 23°. However
in glycosylated SBA average value of χ ranged between −44
and −48° with a maximum standard deviation only 6°. It is seen
that glycosylation has restricted the rotation of the Asn-75 side
chain to a relatively smaller range. These results are consistent
with the previous results of ECorL, where due to glycosylation
at ASN-17, restriction of rotation was observed [42].

Dynamics of glycosylated and nonglycosylated SBA
systems at different temperatures

Difference in stability of monomeric forms of Gly_SBA
and NonGly_SBA

The relative stability of the two SBA systems was illustrated
by the root-mean-square deviations (RMSD) from the corre-
sponding initial structures as a function of time. The four
individual MD simulations for Gly_SBA and NonGly_SBA
were performed for 100 ns at 298 K and 380 K. It was ob-
served that the systems were fluctuating at elevated tempera-
ture than at the normal temperature. The backbone coordinates
of Gly_SBA and NonGly_SBA were regarded as initial
starting structures for calculating the RMSD. Cα RMSD plot
(Fig. 2a,c) shows the displacement from the initial starting
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structures of each Gly_SBA and NonGly_SBA monomeric
forms at 298 K for S1 and S2 simulations, respectively. It
was noted that RMSD of Gly_SBA (Fig. 2a) was close to
2.2 Å at 40 ns in S1 simulation and remains almost same
during entire simulation time (2.2±0.2 Å); however the
NonGly_SBA initially attained a value of 2.0 Å but after
40 ns it became 2.7 Å and finally attined 3.2 Å indicating that
at room temperature, the NonGly_SBA (2.6±0.4 Å) was mar-
ginally more flexible compared to the Gly_SBA monomer. In
case of S2 simulation (Fig. 2c), for glycosylated monomer
RMSD attained 2.7 Å (2.3±0.2 Å and for nonglycosylated
monomer RMSD reached 3.3 Å (2.8±0.4 Å) at the end of
the simulation. Likewise, RMSDs of individual two simula-
tions were compared at higher unfolding temperature of 380 K
(Fig. 2b, d). As seen from (Fig. 2b) the initial RMSD of
Gly_SBA was 2.0 Å and stabilized at 6 Å after 40 ns till
100 ns (5.1±1.4 Å), while the NonGly_SBA had an initial
RMSD greater than 3 Å and gradually attained ~4 Å within
30 ns and reached 7.5 Å at 100 ns (5.6±1.3 Å).In case of S2
simulation at 380 K (Fig. 3b), RMSD of the glycosylated
monomer reached 6 Å (5.2±1.1 Å) and nonglycosylated
monomer reached 7.5 Å (5.8±1.3). Thus the simulations at

higher temperature clearly reflect that the structural deviation
become more prominent in NonGly_SBA, as the non-
glycosylated monomeric form starts to unfold more quickly
than the glycosylated form at two different simulations.

To assess the flexibility of individual residues we have also
performed residue-wise RMSD analysis of all simulations at
both the temperatures. It was observed that at 298 K from two
individual simulations, the RMSD of Gly_SBA and
NonGly_SBA residues remained in the range of 2 Å and
2.5 Å, respectively (Fig. 3a, c). It was also seen that for both
the monomers the C-terminal residues are more flexible due to
high protein–sugar interaction. It was interesting to note that
from two simulations at 380 K the RMSD of the residues of
non-glycosylated SBA monomer showed considerable in-
crease at elevated temperature (Fig. 3b, d), during the entire
100 ns of trajectory, while the fluctuations in the glycosylated
form of SBA were restricted to the C-terminal only. This in-
dicates that there is difference in the dynamics of the individ-
ual residues in the two forms of the monomer. Flexibility of
the individual sugar residues from their initial position can be
understood from backbone RMSD (Figure: S1). On examin-
ing the distribution of the dihedral angle of the glycosidic
bonds with the entire simulation time (Figure: S1 (c) – (l)),
we can predict that the terminal GlcNAcβ1-4 linkage is rigid
compared with the other linkages due to a high prosperity of
the interaction with the protein.

Solvent accessible surface area

Protein–solvent interactions are crucial to protein stability and
biological activity and as such are important in protein folding
and unfolding. The contribution of protein–solvent interac-
tions to thermodynamic parameters of protein unfolding has
been studied extensively. One approach is based on
connecting thermodynamic measurements with the change
in protein solvent-accessible surface area on going from the

Table 1 f and ψ Angles (in degrees) of the individual disaccharides from the Glycosylated Soybean agglutinin (SBA)

f=O5-C1-OX-CX Ψ=C1-OX-CX-CX-1

S1 S2 S1 S2

GlcNAc255 -β(1–4)-GlcNAc254 −86±3 −73±3 160±5 154±5

GlcNAc256 - β (1–4)- Man255 −38±4 −42±3 −44±4 −48±4
Man257- α(1–6)-Man256 45±4 48±4 −142±2 −148±4
Man258 -α(1–3)-Man257 −10±5 −16±4 −150±10 −142±8
Man259 -α(1–2)-Man258 −8±2 −13±2 −155±8 −167±7
Man262 -α(1–3)-Man256 −134±4 −139±4 −162±3 −168±3
Man261- α(1–2)-Man260 13±2 19±2 162±2 −164±4
Man260- α(1–6)- Man257 −5±3 −9±4 −153±7 −144±6
Man263 - α(1–2)-Man262 −112±5 −118±6 −158±3 −150±3
Man264- α(1–2)-Man263 −12±6 −18±6 −168±8 160±8

Table 2 Glycosidic Dihedral Angle (γ) and Chi (χ) Angle for Asn75 of
SBA.B..oth angle values are expressed in degrees

NonGly_SBA Gly_SBA

S1 S2 S1 S2

γ (Cγ -N-C1-O5) 54±8 62±10

χ (N-Cα-Cβ-Cγ) −73±18 −52±23 −48±5 −44±6

The glycosidic dihedral angle (γ) measured as Cγ -N-C1-O5 (between
Cγ-N of Asn-75 and C1-O5 of GlcNAc) and the chi (χ) angle measured
as N-Cα-Cβ-Cγ for the side chain of Asn-75. The columns S1 and S2
correspond to dihedral angles obtained from the two independent simu-
lations carried out with different initial velocity
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native to the unfolded state. The solvent-accessible surface
area (SASA) is used often to monitor the unfolding process.
The solvent exposure of both hydrophobic and hydrophilic
amino acid residues continuously are increased during the
unfolding simulations at 380 K. When we plot SASA on

averaging the data obtained from individual two simulations
as a function of time at 298 K and 380 K for both systems
(Fig. 4a, b), it is evident that SASA for glycosylated and
nonglycosylated monomers remain in the range of 11700 Å2

(11715±286 Å2) and 12500 Å2 (12589±296 Å2), respectively

Fig. 2 Root mean square
deviations (RMSDs) from initial
structure for the both protein
backbone as a function of time (a)
for S1 simulations at 298K (b) for
S1 simulation at 380 K (c) for S2
simulations at 298 K (d) for S2
simulation at 380 K, respectively

Fig. 3 Residue wise RMSD for
both monomers (a) for S1
simulations at 298 K (b) for S1
simulations at 380 K (c) for S2
simulations at 298 K (d) for S2
simulation at 380 K respectively
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at 298 K. With increase of temperature considerable fluctua-
tion of solvent accessible area is observed for both monomers.
For Gly_SBA SASA sharply increases from 11000 Å2 to
14000 Å2, whereas SASA for Non Gly_SBA becomes
15000 Å2 from 11000 Å2 within first 20 ns of the simulation
time and attained a value of 15000 Å2,16000 Å2 respectively
at the end of the simulations. This might indicate that the
hydrophobic core remains more intact in case of Gly_SBA
and these explain the previous experimental observation of
higher thermodynamic stability for Gly_SBA compared to
NonGly_SBA at higher temperature. To account for the con-
tribution of hydrophobic residues in the change of SASA at
higher temperature, we have calculated SASA for hydropho-
bic residues (Figure:S2) for both systems separately. These
plots show that average SASA value of hydrophobic residues
increases from ~9000 Å2 to ~11000 Å2 for Gly_SBA and
~9000 Å2 to ~12000 Å2 for NonGly_SBA. This clearly indi-
cates loss of hydrophobic contacts being crucial for unfolding.

Loss of native contacts for the Gly_SBA andNonGly_SBA
at unfolding temperature

Loss of native contacts is one of primary events associated
with unfolding of protein . The protein unfolding process gen-
erally involves the transition of the protein backbone from an
ordered to a disordered state. Thus, hydrogen bonds and na-
tive contacts in proteins are destroyed as this process pro-
ceeds. Therefore, we calculated the reduction in number of
contacts as a function of time in both temperatures for both
monomeric systems. We have calculated the protein-protein
backbone contact defined as any two Cα atoms which are
within 4 Å. If we compare the number of contacts within
protein residues of both monomers (initial first 10 ns and final
10 ns) on averaging the data of individual two simulations at
298 K and 380 K, (Figure S3) it was observed that at 298 K
initial 10 ns number of contacts between protein-protein back-
bone for Gly_SBA (39099±401) is higher than the
NonGly_SBA (38569±445) but last 10 ns it becomes 38089
±455 and 37000±453 respectively. In case of both monomers

at 380 K, the number of contacts initially was 35000±450 and
34000±452, finally contact value becomes more reduced in
NonGly_SBA (27500±470) than Gly_SBA (29000±468) in-
dicating unfolding. These results not only supports the afore-
said RMSD and SASAvalues but are also consistent with the
previous experimental results observed by Sinha and co
workers (25) . Therefore melting process is accelerated across
the chain for the Nongly_SBA as the loss of contacts is sig-
nificantly more than the Gly_SBA

Number of hydrogen bonds rapidly decreases
in NonGly_SBA at unfolding temperature

To make the analysis more stringent, the protein-protein hy-
drogen bonds for both the monomers were analyzed with
time. We have calculated the number of backbone-backbone
H-bonds where H-bond is defined when the distance between
O of C=O and H of NH groups is within 2.4 Å and the
hydrogen bond angle [defined as the angle between C=O…
H] is within 1200. From the plot (Figure S4), it is observed that
the average number of intra-molecular hydrogen bonds for
Gly_SBA (332.97±37.60) and NonGly_SBA (300.31±
34.98) does not vary asignificantly at 298 K. At 380 K,
(Fig. 5) both monomers show a greater number of hydrogen
bonds loss due to unfolding. Hydrogen bonds are mainly lost
in loop regions between ASP133:O- ARG129:HE,
MET18:HN-GLN15:O, SER213:HN- SER46:O for
Gly_SBA and SER171:HG1-ILE59:C, MET18:HN-
GLN15:O and ASP169:OD2-LEU174:H for nonglycosylated
monomer respectively. Effect is more prominent for non-
glycosylated form. This supports the higher stability of
Gly_SBA demonstrating that structurally important and per-
sistent hydrogen bonds in glycosylated monomer are consis-
tently less influenced by the thermal perturbation. Moreover,
the oligosaccharide moiety (Figure S5) showed a dynamically
stable interaction mainly with the residues SER29, VAL161,
PRO182 and LEU224 all of which are distantly positioned
from the site of glycosylation, ASN75 in the amino acid se-
quence (Figure S6). One important thing is that the N-linked

Fig. 4 Solvent accessible surface
area of the whole protein (a)
glycosylated monomer with time
at298K and 380 K (b)
nonglycosylated monomer with
time at 298 K and 380 K
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GlcNAc residue interacts with the protein via hydrophobic
and hydrogen bonding with ASN 75. The interactions be-
tween VAL161, PRO182, SER225 and oligosaccharides are
hydrophobic in nature. Types of interactions between protein
and sugar in SBA are discussed in detail below. Therefore, it is
possible that glycosylation helps in forming long-range con-
tacts between amino acids, which are separated in sequence
and thus provides a stable core.

Interaction of amino acid residues with oligosaccharides

One factor that probably accounts for the greater stability of
SBA over the other legume lectins is the presence of an N-
linked glycan in SBA [43]. SBA has three potential glycosyl-
ation sites out of which only one, ASN 75 is glycosylated due
to the perfect geometry of this site. It has been reported that
glycosylation affects both the structural elements and the
global stability of proteins. The N-linked glycans are large
hydrophilic structures. The volume of 11 residue carbohydrate
attachment is 1800 A°3, This size is therefore significant in
comparison to the monomeric protein size, which is 30,000
A° 3(25). A total of 27 hydrogen-bonding interactions and 53
hydrophobic interactions between glycan and amino acid res-
idues were reported by Sinha et al. (27), but out of the 27

hydrogen bonding, only two interactions are found to be intra
subunit whereas the rest are inter-subunit interactions. Simi-
larly, only 13 out of 53 hydrophobic interactions are intra-
subunit in nature (27). In the previous study, they showed that
role of the two proximal GlcNAc residues in tethering the
glycans attached to one subunit to the side chains of amino
acid residues of an adjacent subunit at the noncanonical inter-
face but in our present study we are able to show further that
the two proximal GlcNAc mainly interacts hydrophobically
with the amino acid residues such as VAL161, PRO182,
SER225. Two important hydrogen bonding interactions are
found between ASN75 with GlcNAc254 through ASN9
(Fig. 6a) Details of interactions are given in the Table 3. As
protein-sugar interactions are crucial for many biological pro-
cesses. We have calculated the interaction energies of oligo-
saccharides with individual surrounding amino acid residues
and partitioned the total interaction energy into electrostatic
and van der Waals (vdW) contributions (Fig. 6b). The plot
shows that the main stabilization has originated from van der
Waal interaction between sugars and the proteins as the
oligomannose glycan is well embedded in the clefts and cav-
ities on the protein surface. Electrostatic interactions
(−7.56 kcal/mol,-31.89 kcal/mol) are observed between
ASN 9, ASN 75 and terminal sugars due to hydrogen

Fig. 5 Number of H bonds
within protein-protein backbone
with time for glycosylated, and
nonglycosylated monomer at
380 K. Hydrogen bonds in the
loop regions for glycosylated, and
nonglycosylated monomer at
380 K are shown below as
dynamic bonds
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bonding. Van der Waals interactions are observed in between
VAL161 , PRO182 , SER225 a n d t e rm i n a l N -
acetylglucosamine.

Effect of glycosylation on cis peptide angle distribution
for both monomers at unfolding temperature

Glycosylation site of SBA is ASN 75 residue, which is located
on a beta strand (Bback^ beta sheet) that is connected to a cis-
peptide bond through a loop. The cis-peptide bond is between
residues ALA87 and ASP88. Both of these residues are im-
portant for carbohydrate binding by SBA. The cis-peptide also
stabilizes the calcium binding site, which is important for sub-
strate binding [44]. Hence, glycosylation may partly influence
these cis-peptide forming regions. While the variation of cis-
peptide angle (ω) was negligible at 298 K, at 380 K the var-
iations of ω over time for both glycosylated and
nonglycosylated systems (Fig. 7a, c). Corresponding cis-
peptide angles (ω) ranged between −25° to 25° and −30° to
30° for both systems, respectively, indicating that single-site
glycosylation has no significant effect on its orientation up to
100 ns simulation. On comparing the cis peptide angle distri-
bution plot (Fig. 7b, d), we clearly observed the difference
between the two peaks. Glycosylated peak was sharper than
the other due to more protein-sugar interactions.

Effect of temperature on the functionally important
residues

Several Amino acid residues namely, ALA 87, ASP 88, ALA
105, PHE 128, ASN 130, LEU 214, ASP 215 and ILE 216 are
involved in carbohydrate binding by SBA. Some of the resi-
dues form H bonds with other amino acids (ASP88: OD-

PHE128: HN, ALA105:NH-ASP133:OD, ASN130:HN-
ASP133:OD2, LEU214:O-ARG85:NH, ASP215:O-
ARG85:NH). The root mean square fluctuation (RMSF) is
defined as the fluctuation of atoms from their mean position
and is a good measure of the dynamic flexibilities of the res-
idues. It is noticeable that RMSF values for ALA87, PHE 128,
LEU 214, ASP 215 and ILE 216 show a relative increase in
NonGly_SBA than in its Gly_SBA counterpart at both the
temperatures, further indicating that SBA deprived of glyco-
sylation has an impact on these residues of carbohydrate bind-
ing region (Table S1). However, at 380 K there is marked
difference in fluctuations between the glycosylated and
nonglycosylated forms for these residues. ASP88, ALA105,
ASN130 show relatively small fluctuations 1.21±0.04 Å,
2.58±0.02 Å, 1.90±0.05 Å in glycosylated form and large
fluctuation 2.07±0.04 Å, 4.54±0.02 Å, 2.82±0.05 Å in
nonglycosylated form respectively. ALA105, being in the
loop region shows highest fluctuation (4.54±0.02 Å) in
nonglycosylated_SBA monomer than the other residues
at 380 K. In metal binding region GLU124, ASP126,
ASP133 and HIS138 are involved (Figure S7). GLU124
and ASP133 show more RMSF fluctuation in Gly_SBA
monomer and ASP133 shows highest fluctuation in
nonglycosylated form at 380 K. ASP 126 shows least
fluctuation in both forms at 380 K, indicating higher sta-
bility towards the metal binding.

Probability of forming H-bond decreases more in case
of loop regions for both monomeric systems at 380 K

The persistence of H-bonds are identified as a key descriptor
of structural response to environment and hydrogen-bond loss
in distinct loop regions and ends of critical β sheets suggest

Fig. 6 (a) Pictorial representation
of interacting amino acid residues
(ASN 9, ASN 75, VAL161,
PRO182 and SER225) with
carbohydrate present in
glycosylated SBA (b) Interaction
energy between protein residues
with carbohydrate present in
glycosylated SBA
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initial regions of unfolding. From the unfolding trajectories, if
we see the snapshots for both the monomers we can see that
residues, which are forming the loop regions (31–54,102–
174) unfold relatively quicker than the other residues which
constitute the stable β sheet and α helix. For glycosylated
monomer H-bonds occur mainly in the loop region between
the backbone atoms of ALA1:NH-ASP61:OD2, ASP133:O-
ARG129:HN, TRP154:NH-PRO137:O,MET18:HN-
GLN15:O, SER213:HN- SER46:O, to identify these dynam-
ically less stable or low occupancy H-bond in loop region, we
calculate H-bond distance probability over the whole simula-
tion time. From the (Fig. 8a) we predict that the H-bond be-
tween ALA1 and ASP 61 is retained almost throughout the
simulation time where as others show a tendency to break. In
case of nonglycosylated monomer (Fig. 8b), H-bonds occurs
mainly in the loop region between the backbone atoms of

SER171 :HN - ILE59 :O , MET18 :HN-GLN15 :O ,
ASP169:OD2-LEU174:HN, but from the H-bond distance
probability plot we can see that, at unfolding temperature
probability of forming of H-bond in loop regions becomes
lesser as the H-bond distance increases.

Changes in secondary structure during the unfolding
process at 380 K by contact map

The contact region is largely made up with hydrophobic and
polar residues, although few crucial aromatic, acidic and basic
residues are involved. The Cα atoms of ith and jth residues are
in contact if they are within 7.0 Å. The structures have been
averaged over 10 ns time frames from different time points
(initial, middle and final) and plotted in Figs. 9 and 10. The
distance of each native contact during the simulations is

Table 3 Some important
intra-subunit glycans-protein
interaction in Glycosylated SBA

Sugar residue Protein residue Distance (Å) Type of Interaction

N-Acetylglucosamine254 ASN9 2.3 Hydrogen bonding

ASN75 2.5 Hydrogen bonding

VAL161 3.9 Hydrophobic

PRO182 2.7 Hydrophobic

SER225 2.3 Hydrophobic

N-Acetylglucosamine255 ASN9 4.9 Hydrophobic

ASN9 3.6 Hydrophobic

ASN9 3.4 Hydrophobic

ASN9 3.4 Hydrophobic

ASN9 3.4 Hydrophobic

ASN9 2.4 Hydrophobic

Fig. 7 Cis peptide angle
variation with time (a) for
glycosylated monomer at 380 K
(c) for nonglycosylated monomer
at 380 K. Angle distribution plot
(b) for glycosylated monomer at
380 K (d) for nonglycosylated
monomer at 380 K
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depicted in magenta, blue, sky, light green, green, yellow,
orange and red in increasing order. Contact map clearly shows
that front β4 strand is in close contact with frontβ5 strand and
back β5 strand with β6 strand. Time evolution contact map
shows loss of contact between the loop region connecting
front β4 and β5, same loss of contact is also found in loop
regions of back β5 strand with β6 strand. Loss of contact is
more prominent at last 10 ns time averaged contact map in
nonglycosylated monomer than glycosylated monomer at
380 K where as contact between β1, β2 strand β2, β3 are
also altered at the end of the simulation.

Changes in secondary structure during the unfolding
process at 380 K by secondary structure analysis

The three-dimensional structure of native SBA is known to
consist of helices and anti parallel β sheets, as discussed ear-
lier. The single site of glycosylation (Asn 75) resides in the
loop connecting two β sheets (48–53 and 88–96). When we
consider the change of secondary structure of protein as a
function of time during the unfolding process at 380 K for
both monomers the relative ease of unfolding of the secondary
structural elements of the two monomers becomes apparent.
Here secondary structures of both monomers at unfolding
temperature are analyzed by VMD software (version 1.5)
and Ramachandran plot. Secondary structures in VMD time-
line are analyzed at 50 ns time interval of both monomers. It is
interesting to see the secondary structure (Figures S8, S9), in
case of glycosylated monomer, that residues nearest to the
glycosylation site remain in the beta sheet configuration
throughout the simulation time, indicating glycosylation re-
duces the structural flexibility of the neighboring residues
during the unfolding MD. Ramachandran plots (Figure S10,
S11) are done from time averaging structure (initial, middle
and final 10 ns). Backbone phi, psi values are calculated from
the time averaged structures. On comparision of backbone
dihedrals, we can see that initially both monomers consist of
β sheets (ϕ=−110° to −140°,ψ=110° to 140°) and α helices
(ϕ=−57°,ψ=−47°), but with time, β sheets and α helices

have been destroyed. Last 10 ns average structure indicates
the low interactions between closely folded parallel segments
(β sheets) and helical segments.

Effect of salt bridges

Salt bridges have been proposed to play a crucial role in pro-
moting thermostability in proteins, yet they appear to make
little contribution to protein stability at room temperature.
Two charged residues are completely compensated by
favourable interactions within the salt bridge and with the rest
of the protein. Therefore to further strengthen our finding on
the enhanced unfolding dynamics of NonGly_SBA over
Gly_SBA, the stability of solvent-exposed salt-bridges which
may stabilize some thermophilic proteins, in particular be-
tween domains and secondary structure elements were exam-
ined [45]. Salt-bridges are likely to be more stabilizing at high
temperatures, as the desolvation cost for fixing an ion pair
decreases with the temperature [46]. For this study, some salt
bridges in glycosylated monomer such as ASP23 - LYS44,
ASP215 - ARG85, GLU39 - LYS36, ASP192 - LYS150,
ASP118 - LYS100, ASP195 - LYS197 were found to be con-
served all through the simulation time, (Table 4). These long-
lived interactions bridge distant parts of the proteins and may
thus be identified as affecting structural integrity. Some salt
bridges are present for more than 50 % of the simulation time
and some salt bridges are formed and destroyed such as
ASP98 - LYS100, ASP82 - ASP84, GLU113 - ARG147.
The most notable among these interactions is ASP222-
LYS31, which is broken in the unfolding simulation at
380 K. It is located at the N terminus region and may be
important for initial unfolding of glycosylated monomer.
Nonglycosylated monomer on the other hand, showed only
GLU39 - LYS36, ASP192 - LYS150, ASP23 – LYS44 are
preserved throughout the simulations, see (Table 5). The find-
ings of this study provide a complementary view on the pro-
found impact of glycosylation in maintaining the structural
stability of SBA through unfolding dynamics. At higher tem-
perature, the glycosylated SBA is relatively compact and

Fig. 8 Probability of forming
H-bonds with distance in loop
regions (a) glycosylated
monomer at 380 K (b)
nonglycosylated monomer at
380 K
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stable, unlike NonGly_SBA. Also, the residues of Gly_SBA
were less flexible than in its nonglycosylated form. These
observations were further strengthened from the calculations

of solvent accessible surface area. Further, the number of con-
tacts and particularly hydrogen bonds, which are formed dur-
ing the protein folding process and retain the stability of

Fig. 9 Cα contact map (a) initial
10 ns time average structure of
glycosylated SBA at 380 K (b)
middle 10 ns time average
structure of glycosylated SBA at
380 K (c) final 10 ns time average
structure of glycosylated SBA at
380 K

Fig. 10 Cα contact map (a)
initial 10 ns time average structure
of nonglycosylated SBA at 380 K
(b) middle 10 ns time average
structure of nonglycosylated SBA
at 380 K (c) final 10 ns time
average structure of
nonglycosylated SBA at 380 K
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secondary structures have significantly decreased in
NonGly_SBA, have apparently slackened the protein. Hence,
all these factors amalgamate to render the SBA unstable with-
out the covalently attached glycan.

Conclusion

In this work, all atom molecular dynamics simulations were
carried out for a well-studied lectin, soybean agglutinin with
and without glycosylation at 298 K and 380 K, to understand
in a more systematic way on how glycosylation affects the
structure and dynamics. The overall global conformation of
SBAwas well conserved at normal temperature simulations as
evidenced by the backbone RMSD of 2.5 Å relative to the
crystal structure, while the protein size and compactness (sol-
vent –accessible surface) generally varied weakly and unsys-
tematically across simulations for glycosylated and
nonglycosylated monomers, the high value of protein
backbone-backbone hydrogen bond count was identified as
a key, sensitive indicator of secondary-structure integrity of
glycosylated monomer over that observed for its
nonglycosylated counterpart under the thermal perturbations
conditions investigated. Backbone bonds decreased signifi-
cantly with temperature, reflecting entropy-enthalpy compen-
sation. A number of salt bridges were identified, and the per-
sistence of six of them ASP23-LYS44, ASP 215- ARG85,

GLU39- LYS36, ASP192- LYS150, ASP118- LYS100,
ASP195-LYS197 for glycosylated monomer across the tem-
peratures 380 K, suggested their role in maintaining structural
integrity of SBA, probably being strong and thus delay
unfolding process. The terminal GlcNAc residues interact
with the protein residues VAL161, PRO182 and SER225 via
hydrophobic and via hydrogen bonding with ASN 9 and ASN
75. These hydrophobic interactions of carbohydrate-protein
are crucial to maintain the folded structure of the protein. As
expected, the strongest fluctuations were consistently found at
solvent-exposed loops and turns. The most commonly ob-
served loss of secondary structure (i.e., backbone hydrogen
bonds) occurred in exposed loops and ends of distinct β
sheets.
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