
The barley lectin, horcolin, binds high-mannose glycans in a
multivalent fashion, enabling high-affinity, specific
inhibition of cellular HIV infection
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N-Linked glycans are critical to the infection cycle of HIV,
and most neutralizing antibodies target the high-mannose gly-
cans found on the surface envelope glycoprotein-120 (gp120).
Carbohydrate-binding proteins, particularly mannose-binding
lectins, have also been shown to bind these glycans. Despite
their therapeutic potency, their ability to cause lymphocyte pro-
liferation limits their application. In this study, we report one
such lectin named horcolin (Hordeum vulgare lectin), seen to
lack mitogenicity owing to the divergence in the residues at its
carbohydrate-binding sites, which makes it a promising candi-
date for exploration as an anti-HIV agent. Extensive isothermal
titration calorimetry experiments reveal that the lectin was sen-
sitive to the length and branching of mannooligosaccharides
and thereby the total valency. Modeling and simulation studies
demonstrate two distinct modes of binding, a monovalent bind-
ing to shorter saccharides and a bivalent mode for higher gly-
cans, involving simultaneous interactions of multiple glycan
arms with the primary carbohydrate-binding sites. This multi-
valentmode of binding was further strengthened by interactions
of core mannosyl residues with a secondary conserved site
on the protein, leading to an exponential increase in affinity.
Finally, we confirmed the interaction of horcolin with recombi-
nant gp120 and gp140 with high affinity and inhibition of HIV
infection at nanomolar concentrations withoutmitogenicity.

N-Linked glycans on glycoprotein-120 (gp120) are critical to
the biology of HIV for its infectious cycle. They are mainly com-
prised of Man5–9-GlcNAc2-Asn sugars and display Mana1–2-
Man residues at their nonreducing termini. These glycans are
found in a cluster away from the receptor-binding sites and the
trimeric interface of gp120 (1). The glycan distribution is in line
with the “antigenic map” of gp120, which mainly constitutes
the neutralizing face, the heavily glycosylated silent face, and the
non-neutralizing face (2, 3). Most of the neutralizing antibodies
are designed to target the neutralizing face of the glycoprotein as
the glycans on gp120 are constrained there within tight clusters.
It is therefore not surprising that all of the clades of HIV-1 are
readily neutralized by some mannose-specific lectins. Moreover,
Mana1-2-Man residues on gp120 are valuable as vaccine targets
as they are antigenically conserved (4–6).

Mannose-specific jacalin-related lectins (mJRLs) constitute a
large proportion of this class of proteins and are members of
one of the most characterized lectin families. They are known
to recognize the terminal and/or internal mannose moieties of
N-glycans (7). mJRLs exhibit a common b-prism fold arrange-
ment constituting three Greek motifs with the potential to har-
bor several sugar-binding sites in the same monomer (8, 9).
Their combining sites are conducive for cooperative binding to
enhance the binding affinities for additive effect. This coopera-
tivity is especially important for the lectin-sugar interactions, as
the binding affinity for a given binding site is usually relatively
weak at 2–4 kcal/mol (10).
In this paper, we describe the characterization of a mannose-

binding lectin from the coleoptile of Hordeum vulgare (barley),
detailing the thermodynamic fingerprint of its interaction with
mannose and mannooligosaccharides by isothermal titration
calorimetry (ITC), which reveals subtle features of its recogni-
tion of bi- and triantennary glycans. The ITC data are further
complemented by molecular dynamics simulation studies. The
results obtained demonstrate that glycan length and flexibility
serve as modulators of the thermodynamics of the protein-
binding process. Furthermore, its high affinity for the recogni-
tion of glycans in gp120 and gp140 and its ability to neutralize
HIV-1 infectivity, coupled with the absence of mitogenicity,
highlight its potential as a desirable component of microbicides
in our armamentarium against HIV.

Results and discussion

Homolog identification and bioinformatic analysis of
horcolin

The 146-residue protein sequence retrieved from Uniprot
(ID: Q5U9T2) was annotated to have the jacalin-like lectin do-
main by the Pfam database. Lectins of this family contain
b-prism type I fold with three internal repeats, each being an
antiparallel b-sheet (8, 11). A BLAST search of the nonredun-
dant protein sequences with HR as the query, identified 50 tar-
get jacalin-like proteins as HR homologs with a query cover of
97–100% having sequence similarity of over 34% with lectins
from Oryza sativa (orysata, a salt protein), calsepa lectin, and
various banana lectins (BanLec), which were used for further
analysis. Previous literature reports the presence of two binding
sites in BanLec, a mitogenic lectin (12, 13), whereas orysata,
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with one active mannose-binding site, is nonmitogenic (14).
The phylogenetic tree constructed using the maximum likeli-
hood method positioned HR under the same clade as the ory-
sata lectin with a 44% sequence identity between the sequences.
Multiple-sequence alignment (MSA) identified two signature
motifs: the Gly-Gly recognition loop and GXXXD regions for
carbohydrate binding across the homologs, hinting at the pres-
ence of two binding pockets in HR similar to BanLec (Fig. 1).
The sequence analyses of the individual primary binding sites
had a higher percentage identity with BanLec protein (;80%),
whereas the common secondary binding site was similar to
the orysata lectin (;30%), revealing stark differences in the
binding site residues between the three proteins, laying the
foundation of this study to characterize its binding pockets
and its potential in recognition of high-mannose N-glycans.
The residues 134GAFLD138 will henceforth be called carbohy-
drate-binding site I (CBS I), and residues 35GAIVD39 will be
called carbohydrate-binding site II (CBS II) (Fig. S1).

Carbohydrate-binding specificity of horcolin

Protein expression, purification, and characterization of hor-
colin—HR was subcloned in a pET22b(1) vector and purified
to homogeneity using affinity chromatography on a mannose-
Sepharose column. HR appears as a single band of Mr; 15,000
(15% SDS-PAGE). Amajor peak of 14,992 Da observed on elec-
trospray ionization-MS correlates well with the theoretical
mass (15,122 Da (i.e. 14,9921130, the mass of methionine)).
Experiments with size-exclusion chromatography coupled to
multiangle light scattering (SEC-MALS) provided Mr 30,000,
indicating HR to be a dimer. The CD spectra of the protein had
a negative peak at 218 nm and a positive peak at 196 nm indi-
cating it to be composed mostly of b-sheets. HR was thermally
stable across the pH range of 5.5–7.4, and at pH 7.4, it exhibited
maximum stability with a Tm of 79.12 6 0.11 °C, whereas the
His6-tagged construct had a Tm of 64.666 0.22 °C. The intrin-
sic fluorescence profiles of HR tagged and tagless were consist-
ent with the above (Fig. 2,A–F).
Assay for the hemagglutinating activity of the lectin—The

minimum concentration of HR required for agglutinating ac-
tivity was found to be 195 ng/ml (Fig. 2G). Methyl-a-manno-
pyranoside (Me-a-Man) and a-D-Mannose (Man) completely
inhibited the hemagglutination activity of HR at 18.75 and 75
mM, respectively. Glucose (Glc) showed partial inhibition at
300 mM concentration, and Galactose (Gal), N-acetyl glucosa-
mine (GlcNAc), and N-acetyl galactosamine (GalNAc) were
ineffective (Fig. S2). Further, a thermal shift assay conducted
to determine the ligand-induced stabilization of the protein
revealed that Me-a-Man at 300 mM imparted maximum stabil-
ity to the protein at pH 7.4 (Fig. 2F). Thus, horcolin was found
to be mannose-specific, corroborating the previous literature
on b prism–type 1 fold mannose-binding lectins (15–20).

Thermodynamics of horcolin-glycan interactions

ITC experiments were performed to determine the thermo-
dynamics of protein-glycan interactions. Me-a-Man and Man,
together with 11 manno-oligosaccharides were studied (Fig.
3A). Mannopentaose (Man5), mannoheptaoses (Man7D1/D3),

and mannonanose (Man9) used in the study cover the most
abundant differentially processedN-linked glycans on the HIV-
1 gp120. The result of a typical ITC experiment is shown in Fig.
3B, where the top panel shows individual heats of binding for
each injection, whereas the bottom panel gives a plot of the
incremental heat released as a function of the oligosaccharide/
HR monomer ratio. The results display a monotonic decline in
exothermic heat of binding with successive injections of the
ligand until saturation is achieved. A nonlinear least-squares fit
of the data is consistent with the “one set of sites” binding
model. The thermodynamic parameters associated with the
binding (i.e. stoichiometry of binding (n), association constant
(Ka), enthalpy of binding (DH°), and entropy of binding (DS°))
obtained at 25 °C are shown in Table 1 (Fig. 3C).
The stoichiometries for binding to mono-, di-, and trisac-

charides were close to 2, indicating that each protomer of HR
contains two identical binding sites for these ligands. The close
fit of the data to the identical site model shows that the ligand
binds to each of the two sites independently with similar bind-
ing constants and enthalpies (1:2). Interestingly, the stoichio-
metries for the interaction of Man5, Man7, and Man9 with HR
could be fitted to only one per protomer, indicating that both of
the binding sites of the lectin interact with a single oligosaccha-
ride simultaneously (1:1). The apparent affinities were found to
be in the millimolar range for the monosaccharides (;10 mM)
and disaccharides (;1.67 mM) and low micromolar range for
the high-mannose oligosaccharides (4–16 mM), signifying a
clear preference toward higher oligosaccharides. The order of
binding affinities for the sugars used was found to be Man7D1
� Man7D3 . Man9 . Man5 . Man3 . Man3 . Man2 .
Me-a-Man . Man. A dramatic increase in the affinity for the
higher glycans thus demonstrates that the length, the branch-
ing of the glycan, and hence the total carbohydrate-binding
valency (multivalent effect) can be attributed to a favorable
change in the free energies of interactions for them.
TheMan2 affinity data suggested that HR prefers a1–3– and

a1–2–linked mannobioses compared with their a1–6– or a1–
4–linked counterparts. A better affinity of mannobioses over
that of mannose is due to a decrease in their binding enthalpies,
which suggests that their nonreducing mannosyl unit interacts
with a complementary locus, the site adjacent to the two pri-
mary binding sites (viz. the common secondary binding site in
the lectin). The possibility of a multivalent interaction between
Man3 and the lectin can be ruled out not only because of n = 2
but also because the value of Ka obtained for Man3 was not
found to be a product of the Ka for a-D-Man (101 M

21 3 101
M
21= 10,201) (viz. the DG value was not an additive function of

the DG values (22.7 1 22.7 = –5.4 kcal/mol) of the two pri-
mary binding sites). Differences in the DH values for the inter-
action of Man, Me-a-Man, Man2, and Man3 amount to ;4
kcal/mol, indicating that, besides binding to the primary sites
CBS I and II, Man2 and Man3 also interact with the common
secondary site on the samemonomer of HR via theMan-4moi-
ety. Trimannose had additional interactions of its nonreducing
mannosyl residues in the central arm (Man-3, Man-49) with the
amino acids in the common secondary site.
A reduction in the stoichiometries for the binding of Man5,

Man7D1 and Man7D3 (n = 1) appears to emanate from a
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Figure 1. Homolog identification and bioinformatic analysis of horcolin. A, schematic representation of the jacalin fold indicating the four-stranded
Greek keymotif. Each monomer of the jacalin-related lectin is shown in a 3-fold axis with three Greek keys represented in different colors. B, multiple-sequence
alignment of relevant mJRL homologs. The alignment of horcolin, BanLec, and orysata was obtained using Clustal Omega. The residues involved in mannose
binding in CBS I and II are highlighted in blue, and the residues in the common secondary site are highlighted in red. C, molecular phylogenetic analysis by the
maximum likelihoodmethod. Horcolin was found to lie in the same clade as BanLec and orysata lectin, highlighted in purple.
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simultaneous interaction between two of their nonreducing end
mannosyl residues with the two primary binding sites in each
monomer of HR. This can be envisaged as follows.While the D1
arm of Man5 and Man7 binds to the CBS I, a nonreducing ter-
minal mannosyl residue from the D2/D3 arm of these saccha-
rides interacts with the CBS II. This interpretation is further
supported by the observation of the additive free energies of
binding of two different nonreducing end mannosyl residues of
the same oligosaccharide (Man5 and Man7-D1/3), implying
additional interactions between Man-3 and Man-49 of the cen-
tral arm aided by the interactions of the terminal mannose moi-
ety, Man-B, in the bisected glycans. An increment of 3.8 kcal/
mol for the binding of Man5 over and above that observed for
Man3 is indicative of the contribution of the additional interac-
tion between the central mannosyl unit (Man-3) of the Man5
glycan and Phe-87 and Thr-89 residues in the lectin, which con-
stitute the common secondary binding site. Likewise, an
increase of 0.5 kcal for the binding of Man7-D1 and Man7-D3
indicates a consolidation of the interaction between “OH” of the
terminal mannose in their D3 arm (Man-B or Man-D3) with
Gly-88 and Lys-86 residues of the lectin. Thus, the residues dis-
tant from the primary binding sites modulate the binding ther-
modynamics. Additionally, both of the glycans showed similar
binding affinities, suggesting an analogous mode of interaction
with a similar number of contacts with the protein (Table 2). All
of the sugars displayed a favorable enthalpic change associated
with the binding process, suggesting the dominance of polar,
hydrogen-bonding, and van der Waals interactions principally
to stabilize these complexes. This favorable enthalpic change
was seen to compensate for the loss in conformational entropy
thus aiding the binding process. The trend for the binding
enthalpies for each sugar with the protein depended on the
number of mannose moieties except for Man9, the interpreta-
tion of which will be discussed in the subsequent section.
The ITC experiments were also carried out at different tem-

peratures,25, 15, and 25 °C formono-, tri-, and pentamannose,
to calculate the heat capacity changes to characterize the nature
of forces stabilizing these interactions. The HR–mannooligo-
saccharide binding reactions were found to be enthalpically
driven with little change in the heat capacity (Cp) of binding
(20.01 , Cp , 20.08 kcal/mol/K). Further, the enthalpy-en-
tropy compensation with a slope of TDS of 1.357 was noted for
the interaction. It was observed that as the size of the ligand
increases there is a large favorable change in enthalpy, indicat-
ing that the interactions are dominated by hydrogen bonding
that is compensated for by a corresponding loss in conforma-
tional entropy due to the restricted rotational and vibrational
degrees of freedom (Table 2 and Fig. 3D). This is consistent
with the earlier reports on lectin-sugar interactions (21–24). It
is also to be noted that Mana1–6-Man and Man9 do not fit

into this pattern. Although Mana1–6-Man exhibits consider-
able binding enthalpy, it suffers from unfavorable entropy
owing to its greater degree of conformational flexibility. This is
in agreement with the literature on the role of glycosidic link-
ages on conformational entropy in solution (25). On the other
hand,Man9 lacks a corresponding favorable change in enthalpy
(as in the case of Man5/7) and displays a relatively large unfav-
orable entropy, which can be attributed to a failure to achieve
an optimal orientation of the three binding arms. The reorien-
tation of the unbound arm results in an entropic penalty, which
utilizes a portion of the enthalpic component in moving the
unbound arm away from the binding site, which in turn leads
to a decrease in the binding free energy. Results from the ITC
experiments thus provided a thermodynamic model to explain
the mode of bivalent interaction for binding of higher glycans to
the lectin protomer withmultiple subsites. This is consistent with
a recent native-MS study that showed qualitatively a bidentate
mode of interaction between BanLec andMan5–Man9 (26).
Furthermore, to validate the in silico characterization of the

two primary binding sites of HR, we generated threemutants of
HR-His–tagged protein by replacing Asp in the GXXXD motif
with Ala in CBS I and II (i.e. D138A and D39A, respectively) as
well as a double mutant that substituted Asp in both of the
pockets (D138A/D39A). Themutants were expressed and puri-
fied using Ni-NTA resin, and their ability to bind to a-D-Man
was explored with ITC. The mutants D138A and D39A dis-
played half the stoichiometries (i.e. n = 1) for binding to man-
nose as compared with their WT counterpart. The mutants did
not show any appreciable change in their binding affinity. The
double mutant was completely inactive and did not show any
heat of binding when titrated with mannose in the ITC experi-
ment (Fig. S3C). Mutation at D138A abrogated the CBS I,
D39A abrogated CBS II, and the double mutant D39A/D138A
abolished altogether the sugar-binding ability of HR and there-
fore completely inactivated it. Mutation studies thus corrobo-
rate the in silico prediction of the presence and the role of the
two carbohydrate-binding sites in HR (Table S1).

Molecular modeling and MD simulation of glycan-binding
modes of horcolin

The ITC experiments revealed the potential of high manno-
oligosaccharides to undergo bivalent interaction. Due to the
paucity of structural information for HR, comparative model-
ing using Modeller9v19 with BanLec (40% identity) as the tem-
plate was used to predict the three-dimensional structure of the
protein. The structure was subjected to scrutiny through algo-
rithms in the Structural Analysis and Verification (SAVES)
server, where Procheck revealed 92.8% residues to be in the
allowed region of the Ramachandran plot. ERRAT results
showed the quality factor to be 72.46%, indicating the goodness

Figure 2. Protein expression, purification, and in vitro characterization of horcolin. A, 15% SDS-PAGE showing purity of the recombinant horcolin pro-
tein subsequent to purification with affinity chromatography. Lane 1, marker; lane 2, HR; lane 3, BanLec. HR appears as a single band withMr;15 kDa in SDS–
PAGE. B, spectrum of intensity versusmass and charge ratio, showing the observed experimental mass of the purified protein from electrospray ionization-MS
(14,992Da). C, SEC-MALS profile for the HR protein. The peak at 30ml corresponds toMr;28.9 kDa (D) far-UV CD spectra of the purified recombinant HR show-
ing b-sheet composition. E, intrinsic fluorescence emission spectra of protein across pH range 5.5–7.4. F, thermal shift assay of horcolin (tagged and tagless) at
varying pH conditions along with the ligand-induced stabilization (Me-a-Man) to determine the effect of pH on protein thermal stability. G, an initial concen-
tration of 25 mg/ml was serially diluted (2-fold) to characterize the hemagglutination activity of the lectin. The experiment was done as triplicates for HR with
BanLec (BL) as the positive control and 13 PBS as the negative control.
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of the model compared with highly refined structures in the
PDB (Fig. 4A). The structural superposition of the modeled
protein with its homolog, BanLec and orysata, performed using
MISTRAL revealed that the proteins were closely superposed
across theb-sheets. However, the loop constituting the second-
ary site exhibited relatively higher deviation. The root mean
square deviation (RMSD) of the corresponding 146 Ca atoms
was 1.3 Å (Fig. 4B, Fig. S4 and supporting information).
We next focused on the specific interaction of the HR pro-

tein with the sugars studied by ITC. To this end, the time-aver-
aged structure of the modeled protein was used for the docking
studies using DOCK6. The two primary binding sites were
identified by pocket prediction tools and were used for active-
site sphere generation. The dock poses hence obtained were
verified with the crystal structures of its homologs (Fig. 4C and
Fig. S5). Simulation studies were conducted with the ligand
bound individually at CBS I and II to preclude pocket-based
bias. This was followed by studying the occupancies of the
smaller ligands independently at both CBS I and II as observed
from the ITC data (n = 2). The stability and flexibility were
monitored throughout the 100-ns run. The structure of the gly-
can is represented by the orientation of the arms D1, D2, and
D3 and the core chitobiose. The branched oligomannosides

involving the Mana1–6-Man branch exhibited maximum flexi-
bility in the D2/3 arms owing to this linkage driving the confor-
mational space of the glycan in question (Fig. 4D). Root mean
square fluctuation (RMSF) analysis revealed that the binding of
higher sugars (Man5/7/9) simultaneously at both CBS I and CBS
II diminished the fluctuations in the common secondary site,
which facilitates the bidentate mode of binding as observed
experimentally. This was not observed for smaller sugars, where
the role of the secondary site is absent or negligible. Also, engage-
ment of both CBS I and II pockets in bivalent binding mode by
manno-oligosaccharides Man5/7, by their nonreducing terminal
mannosyl residues at their D1 andD3 arms, respectively, potenti-
ated the avidity of the interaction (Supporting information, Fig.
S5–S8).
During the entire run of the simulation, there was a constant

maintenance of hydrogen bonds from the primary binding
sites. These hydrogen bonds are tabulated with respect to their
percentage existence of the simulation time (Table S2 and
supporting information). In CBS I, the residues 134GAFLD138

from the primary binding site were involved in hydrogen-bond-
ing interactions along with the residues from the secondary
binding site: Gly-85, Lys-86, Phe-87, and Asp-90. In the case of
Man7-D1, both the D1 arm (Man-D1) and D3 arm (Man-B),
respectively, were interacting simultaneously with both the pri-
mary binding pockets CBS I and CBS II, in the same subunit of
HR. They also displayed strong interactions with the secondary
binding site that serves as a bridge for both of the primary bind-
ing sites. The nonbinding arm D2 (Man-A) along with the chi-
tobiosyl unit were seen to be solvent-exposed owing to the flex-
ibility of its a1–6 linkage. It was observed that Asp-90 aids in
binding of the oligosaccharides starting frommannobiose teth-
ered to CBS I. The chitobiose unit was also seen to form hydro-
gen bonds in the case ofMan5 glycan, where the a1–3–binding
mode had interactions of the GlcNAc-2 (O6) with residues in
the secondary binding site. Additionally, Phe-87 stabilizes the
interaction of glycans through hydrophobic contact. In the case
of CBS II, Asp-39 retained the hydrogen bond during the entire

Figure 3. Thermodynamics of horcolin-glycan interactions. A, structures of the various manno-oligosaccharides used in the study. B, schematic represen-
tation of the HR complexed with Man3 and Man7D1. Shown are results of a typical isothermal titration calorimetry experiment. Top, exothermic microcalori-
metric traces of Man7-D1 injections into horcolin solution (0.8mM). Bottom, Wiseman plot of heat releases versus molar ratio of injectant/protein in the cell
and a nonlinear fit of the binding isotherm for equivalent binding site(s). C, thermodynamic profile indicating binding free energy, enthalpy, and entropy for
the 11-HR mannooligosaccharide interaction. D, enthalpy-entropy compensation plot of glycan binding to horcolin at 25 °C. Enthalpy and entropy values are
from Table 2. Straight line, best least-squares fit of the data.

Table 1
Thermodynamic parameters of manno-oligosaccharide binding to horcolin at 25 °C
n is stoichiometry coefficient (number of sugars bound/mol of horcolin monomer), DH is enthalpy, DS is entropy, and DG is reaction energy (calculated with the formula,
DG =2RT ln Kb, where r = 1.987 cal/mol·K).

Ligand n Ka KD DH DG TDS

M
21 kcal/mol kcal/mol kcal/mol

Me-a-mannopyranoside 1.721 0.328 2001 27.8 5.00 mM 26.324 23.1354 23.1886
a-D-Mannose 1.901 0.521 1011 12.5 9.90 mM 25.517 22.73368 22.78332
Mana1–2-Man 1.9461 0.4028 398.91 41.42 2.50 mM 28.974 23.5504 25.4236
Mana1–3-Man 1.886 0.0724 5966 14.6 1.67 mM 210.46 23.7848 26.6752
Mana1–6-Man 1.786 0.243 2276 10.3 4.40 mM 214.88 23.2282 211.6518
Mana1–4-Man 1.776 0.649 1966 21.2 5.10 mM 210.28 23.128 27.152
Man3 2.011 0.0275 6.10 E31 300 163 mM 212.94 25.1622 27.7778
Man5 0.7746 0.076 5.99 E46 1.00 E5 16.69 mM 216.76 26.5088 210.2512
Man7-D1 0.9256 0.0117 2.61 E46 2.87 E4 3.831 mM 217.1 27.3256 29.7744
Man7-D3 1.096 0.00711 2.4 E56 1.45 E4 4.16 mM 215.99 27.348 28.642
Man9 1.341 0.0185 8.60 E41 1.21 E4 11.6 mM 28.277 26.73038 21.54662

Table 2
Enthalpy and entropy contributions for the complexes of HR with
various manno-oligosaccharides

Ligand 2TDS 2DH

kcal/mol kcal/mol
Me-a-mannopyranoside 3.1886 6.324
a-D-Mannose 2.783 5.517
Mana1–2-Man 5.4236 8.974
Mana1–3-Man 6.6752 10.46
Mana1–6-Man 11.651 14.88
Mana1–4-Man 7.152 10.28
Man3 7.7778 12.94
Man5 10.2512 16.76
Man7-D1 9.7744 17.1
Man7-D3 8.642 15.99
Man9 1.54 8.27
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simulation, indicating that it was crucial for the anchorage of
higher manno-oligosaccharides. The glycans tethered at CBS II
also displayed interaction with the secondary binding site for a
significant portion (.50%) of the simulation time (Gly-88, Thr-
89, and Asp-90). Thus, the interactions at CBS II are relatively
less extensive as compared with CBS I. Gly-63/64 of the recog-
nition loop aided the binding via hydrogen bonds with the
mannose in both of the pockets (Fig. 4,D and E).
We further employed molecular mechanics/Poisson–Boltz-

mann surface area (MM/PBSA) to utilize the enthalpy contri-
butions of the interactions to identify the preference of HR and
to calculate relative free energies of binding of the various high-
mannose oligosaccharides. It is to be noted that the decomposi-
tion of the total free energy associated with the manno-oligo-
saccharide binding is semi-quantitative, allowing the prediction
of the trend in binding preference rather than absolute values
as the current methods suffer from the limitation in the decom-
position of the binding free energy into total enthalpy and en-
tropy parameters, consequently obviating a direct comparison
with the data from ITC. The analysis was conducted independ-
ently for the snapshots of the ligands in the two primary bind-
ing pockets as well as different binding modes for Man5/7/9
glycans exhibiting higher flexibility owing to the a1–6 linkage
(considering computational time and accuracy for large flexi-
ble ligands). The average DE for mannose was found to be
2161.453 6 7.385 kJ/mol, and the addition of single mannose
entity in a1–6 linkage brought it to2152.4186 10.048 kJ/mol,
whereas increased branching and the addition of eight man-
nose units in the case of Man9 had a favorable impact on it
(DE = 2214.058 6 20.063 kJ/mol). This is in line with the ITC
data, where the addition of mannose units was accompanied by
a significant increase in binding affinity. A similar trend was
observed for ligands interacting at CBS II. Despite having a sim-
ilar interaction profile, CBS I had lower binding energy, imply-
ing higher affinity for the larger glycans compared with CBS II,
indicating the dominance of the former binding pocket for inter-
actions with Man5/7/9. These differences were marginal in the
case of lower sugars that showed similar interaction with both of
the pockets. It is to be noted that MM/PBSA analysis allows for
addressing only the contributions from electrostatic and van der-
Waals interactions and does not capture the entropic component
of the free energy calculation and thus accounts for the greater
binding energy values displayed by Mana1–6-Man. Owing to
this drawback, the results from these analyses should be consid-
ered only for a relative binding energy comparison for the various
ligand complexes. It is interesting to note that in the case of
Man9, with the D1 arm tethered at CBS I, the D2 arm had promi-
nent interaction with the CBS II, whereas the D3 arm had a
flipped conformation, leading to its interactionwith the backbone

residues of the common secondary site as noted from the cluster
analysis. This, however, was notmaintained across the simulation
time as can be observed in RMSF analysis of the glycones and the
residence time of the hydrogen bond interaction between the D2
arm and the protein (2–5% of the simulation time) (Fig. S9). This
is consistent with the observation of relatively poor enthalpy for
binding in the ITC data, implying a reduced number of hydrogen
bonds and an increased entropy owing to the high flexibility
of the arms of Man9. The ligand conformational entropy, an im-
portant contributor in glycan binding, is rather difficult to
address through simulation. However, from the ITC data, it is
apparent that the gain in the entropic parameter of Man9 led to a
diminution in the enthalpic contribution for the binding reaction,
reflecting a loss in hydrogen-bonding interactions.
Simulation studies supplement and validate the monovalent

mode of binding for mono-, di-, and trisaccharide and the
bivalent mode of interaction for Man5/7/9. This bidentate
mode of interaction can be explained as a two-step process.
First, the D1 arm randomly approaches CBS I and II. The ini-
tial tethering by the terminal mannose at CBS I is followed by
potentiation of its retention at CBS I due to its lock-in of the
D3 arm at the CBS II owing to the flexibility of its a1–6 link-
age. These studies also show that the bidentate interaction in
the reversed orientation is disallowed, as the placement of the
D1 arm at CBS II precluded the reach of the D2/D3 arm to
CBS I. Thus, the in silico studies indicated a possibility of one
pocket offering better interaction than the other.

In vitro interaction of horcolin with the viral glycoproteins

As a part of the preliminary characterization of the potential
of HR for anti-HIV activity, its interaction with the HIV enve-
lope glycoprotein gp120 was analyzed to gain insight into its
binding kinetics. The glycoprotein gp120 is known to contain
nearly 20–30 N-linked high-mannose structures, which make
up ;50% of its molecular weight (27, 28). In vitro interaction
with recombinant gp120 from the HIV-1YU2 strain was moni-
tored using surface plasmon resonance. It was observed that
immobilized HR, both tagged and tagless proteins (;1,000 RU)
dose-dependently bound to the gp120 in phosphate buffer con-
taining 150 mM NaCl (13 PBS). The sensograms reveal effec-
tive binding with the glycoprotein; in particular, at 125 nM con-
centration,.170 RU were observed. From the kinetic analysis,
the calculated dissociation constant (KD) was 14.4 nM, whereas
for the His-tagged protein, the KD was 36.9 nM (Table 3).
Inverting the assay and immobilizing gp120 on the surface
yields similar affinity values for the HR-gp120 interaction
(Table S3 and Fig. S10). Likewise, the binding interaction analy-
sis was also conducted on gp140, a derivative of gp160, which
lacks the transmembrane domain from the HIV-1YU2 strain.

Figure 4. Molecular modeling andMD simulation of glycan-bindingmodes of horcolin. A, overall fold of horcolin, shown in a cartoon representationwith
the three Greek keys (b1–21b11–12; b3–6; b7–10) color-coded magenta, blue, and green, respectively, and the 12 b-strands numbered. B, superposition of
horcolin and BanLec in complex with methyl-a-D-mannopyranoside (PDB ID 1X1V). horcolin is represented in a magenta cartoon, BanLec in teal, and Me-
a-Man as orange sticks. C, results from Ligplot analysis of the HR-Man7 complex, where the dashed green lines indicate hydrogen bonds and the half-moon indi-
cates van der Waals interactions. D, schematic representation of the interactions of the glycan Man7 with HR where the glycan is shown in stick representation
and the protein in cartoon. Shown in the inset is the residue-level interaction of the glycan Man7 (ball and stick representation) with the residues in the CBS I
and II and the common secondary site (stick representation). E, summary of the hydrogen bonds for the nine complexes at binding sites CBS I and CBS II shown
as the average number of hydrogen bonds indicated as violin plots. F, results from MM/PBSA analysis for the complexes at binding sites CBS I and II shown in
blue and orange, respectively.
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Sensogram analysis revealed a higher affinity with the trimeric
glycoprotein, wherein it displayed very tight binding withmini-
mal dissociation (KD = 2.51E214 M). With altered NaCl con-
centration to 250mM, we observed a KD of 5.53E207 M (Fig. 5A
and Table 3). Similar KD values were also observed for its inter-
action with the gp120 and gp140 from the HIV-116055 strain.
Previous studies have reported the binding constant for cyano-
virin with gp120 to be 8.65 nM (29), Galanthus nivalis (GNA)
with HIV IIIB gp120 showed a KD of 0.33 nM (30), and griffith-
sin (GRFT) lectin was seen to exhibit a lower KD of 72.7 pM
(31). On the other hand, HR exhibited strong interactions with
the native-like trimeric gp140, in a stark contrast to the other
mentioned well-studied antiviral lectins. A very tight binding of
HR with a KD value of 0.02 pM was observed because of an
extremely slow dissociation rate constant for the complex
between HR and gp140. However, the KD value for the associa-
tion of the trimeric gp140 with GRFT was in the range of 0.1–
4.3 nM, for BanLec it was 5.2 nM, for CV-N it was 2.3 nM, and
for GNA it was found to be 7.2 nM (32). Thus, a comparison of
these KD values implies a possibility of differential modes of
interaction by the antiviral lectins with the glycoproteins.

Neutralization of HIV infectivity by HR

We next characterized the neutralizing potential of HR on
HIV-1 isolates from JRFL and YU2 strains (33, 34). Each experi-
ment was performed by determining the anti-HIV activity of
HR by a Luciferase-based reporter assay in TZM-bl cells (35) at
noncytotoxic concentrations with b12 neutralizing antibody as

the positive control. Our results indicate that both HR tagged
and tagless proteins inhibit the entry and thereby infection of
HIV-1 isolates in a dose-dependent manner. For the strain HIV-
1YU2, the IC50 values of 32.67 and 33.93 nM, respectively, for
tagged and tagless proteins were observed. For HIV-1JRFL, IC50

values of 33.39 and 47.51 nM for tagged and tagless proteins,
respectively, were obtained (Fig. 5B and Fig. S10C). Additionally,
HR displayed analogous inhibitory potential against both of the
strains (HIV-1JRFL and HIV-1YU2). The results show a potency of
HR comparable with that of the previously known anti-HIV lec-
tins, where the calculated IC50 values were reported to be 34.3 nM
for the snowdrop lectin, GNA, 3.18 nM for BanLec, and 0.42 nM
for GRFT in a similar neutralization assay using the TZM-bl cells
with the relative luminescence unit measurements (27). These
results thus highlight the potential of horcolin’s induction as an
anti-HIV agent inmicrobicides.

Lack of mitogenicity and the absence of cytokine-inducing
activity of horcolin

Next, we ventured to study whether HR’s subtly different pri-
mary binding sites and a distinctly different secondary site
influences its mitogenic behavior, highlighting its advantage
over BanLec in its prospective application as a viricidal agent.
The mitogenicity was initially studied by the changes in cyto-
kine levels, where the binding of the lectin augments the pro-
duction of various cytokines by the activated lymphocytes.
Interleukin-2 (IL-2), IL-6, and interferon-g (IFNg) are impor-
tant proliferative cytokines and serve as inducers for cell-medi-
ated immune response. The IL-2 cytokine is known to be a T-
cell growth factor that induces the clonal expansion of T-cells
following antigen or lectin stimulation. It is also important for
the differentiation of CD41 T cells into Th1 and Th2 effector
subsets and stimulates NK cells and B cells (36). The increase in
the production of IL-2 and IFNg by splenocytes was studied as
a mitogenic response induced by the positive control lectins,
ConA and BanLec. The initial time course experiments were
conducted with two concentrations of the proteins (5 and 10
mg/ml). Both ConA and BanLec treatment showed a good
amount of cycling cells at both of the time points. However, HR
treatment even at 48 h induced a relatively smaller fraction of
cycling cells, affirming its poor mitogenicity (Fig. 6A and Fig.
S11). The activated splenocytes at the two time points, analyzed
for their cytokine production ability using ELISA, were noted
to be insignificant, although some amount of IFNg was seen by
HR-treated cells at the 48-h time point, which was deemed fee-
ble compared with other stronger mitogens BanLec and ConA,
indicative of the former being a very weak mitogen (Fig. 6B).
This was followed by concentration-dependent experiments
(2.5–20 mg/ml), where at 36 h, we observed an up-regulation of
both IL-2 and IFNg levels in ConA- and BanLec-treated cells.
HR (tagged and tagless) treatment was incapable of producing
increased IL-2 and IFNg expression even at 20 mg/ml (Fig. 6C).
Although HR is homologous to BanLec, differing from it by a
few residues, HR’s slightly different primary sites CBS I/II and a
significant variation in the common secondary binding site is
seen to provide a differential recognition of glycans on the cell
surface and is likely to underlie its very weak mitogenicity.

Table 3
Rate and equilibrium constant for the binding of different forms
of glycoprotein gp120 and gp140 to horcolin measured by SPR
(Biacore)
ka and kd are rate constants for association and dissociation, respectively. KD is the
equilibrium dissociation constant. Ka is the association constant.

Concentration of analyte ka kd Ka KD

1/M·s 1/s 1/M M

Immobilized horcolin-tagged
with gp120 and gp140
as analyte

gp120
125 nm 1.66E105 5.91E203 2.80E107 3.57E208
100 nm 1.89E105 4.08E203 4.64E107 2.16E208
50 nm 2.09E105 2.05E203 1.02E108 9.83E209
25 nm 1.85E105 7.74E204 2.39E108 4.19E209
10 nm 2.17E105 1.93E204 1.12E109 8.90E210

gp140
2000 nm 1.35E104 5.31E212 2.55E115 3.93E216
1,000 nm 1.82E104 2.43E210 7.49E113 1.33E214
500 nm 2.92E104 7.07E212 4.14E115 2.42E216
250 nm 2.41E104 9.94E210 2.42E113 4.13E214
100 nm 3.60E104 2.53E209 1.42E113 7.04E214

Immobilized horcolin-tagless
with gp120 and gp140
as analyte

gp120
125 nm 1.23E105 8.87E203 1.39E107 7.19E208
100 nm 9.74E104 7.03E203 1.39E107 7.22E208
50 nm 1.24E105 3.83E203 3.24E107 3.08E208
25 nm 1.22E105 1.14E203 1.07E108 9.37E209
10 nm 1.00E105 3.38E205 2.97E109 3.37E210

gp140
2000 nm 1.72E104 2.85E212 6.05E115 1.65E216
1,000 nm 2.30E104 5.13E210 4.48E113 2.23E214
500 nm 3.55E104 9.94E213 3.57E116 2.80E217
250 nm 2.62E104 3.10E212 8.46E115 1.18E216
100 nm 4.62E104 2.35E210 1.97E114 5.08E215
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Thus, both the cytokine and cell-cycle analyses highlight HR’s
advantage over BanLec.
In conclusion, we demonstrate that the bivalent mode of rec-

ognition of manno-oligosaccharides by horcolin is modulated
by glycan length and flexibility. The differential mode of its
interactions with glycans as compared with the mitogenic Ban-
Lec appears to underpin horcolin’s lack of mitogenicity. The
absence of mitogenicity together with the strong and specific
recognition of HIV envelope glycoproteins (gp120/140) and the

ability to neutralize HIV infection highlight horcolin’s potential
for inclusion as an anti-HIV agent inmicrobicides.

Experimental procedures

Materials
Chemicals

The enzymes used for cloning were obtained from New Eng-
land Biolabs. The Ni-NTA metal affinity resin and isopropyl

Figure 5. Analysis of the antiviral activity of HR tagged and tagless proteins using SPR and neutralization assay. A, schematic representation of immo-
bilized horcolin interacting with the glycoprotein gp120 (shown on the left). SPR sensogram overlays are shown on the right for the interaction between im-
mobilized gp120 and HR (top) and immobilized gp140 and HR (bottom). The concentration of analyte injected is indicated at the right of each sensogram
overlay. Solid lines, global fitting of the data to a 1:1 Langmuir bindingmodel (A1 B$ AB, BIAevaluation 3.0). B, anti-HIV activity of HR tagged and tagless pro-
teins against the two viral isolates, HIV-1JRFL (blue) and HIV-1YU2 (purple). The average of three biological replicates is shown, and the IC50 value was calculated
using nonlinear regression using GraphPad Prism. RLU, relative luminescence units.
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b-D-1-thiogalactopyranoside were procured from Novagen.
Ampicillin, imidazole, methyl-a-mannopyranoside, mannose,
glucose, and SDS-PAGE reagents were from Sigma. Me-a-Man
and a-D-Man were from Sigma, and Man2, Man3, Man5,
Man7, andMan9 were fromDextra Laboratories Ltd.

Strains and plasmids

Escherichia coliDH5a cells (Novagen) were used for cloning,
and E. coli BL21 (lDE3) (Novagen) was used for expression.

Protein identification
Sequence characterization

The protein sequence of a lectin of H. vulgare was obtained
from UniProtKB (accession number Q5U9T2) (37).The se-
quence was submitted to the Pfam webserver (38) to obtain
the different domain information in the sequence. The Prot-

Param webserver (39) was used for the calculation of molec-
ular weight, theoretical pI, and instability index.

Homolog identification

BLASTp (40) was performed against the PDB to obtain 50
target sequences using the BLOSUM62 scoringmatrix.

Multiple-sequence analysis

The top sequence having a total score of over 90 and a
sequence identity over 39% in the BLASTp result was utilized
to perform MSA. The MSA was performed using default pa-
rameters in Clustal Omega (RRID:SCR_001591).

Phylogenetic tree construction

The top results having a query cover of 97–100% and a mini-
mum of 37% of sequence similarity with query sequence were

Figure 6. Nonmitogenic activity and the absence of cytokine-inducing activity of HR. A, flow cytometry analysis of cell proliferation data of splenocytes
treated with ConA, BanLec, and HR at 5 and 10 mg/ml at 36-h time points. FACS data show the amount of propidium iodide staining representing cells in different
phases of the cell cycle. B, cytokine profile of the time-dependent (36- and 48-h) protein stimulation experiment by ConA, BanLec, and HR (tagged and tagless) at
10 mg/ml concentration on mouse splenocytes. Values shown are the mean from triplicate samples. C, cytokine profile of concentration-dependent stimulation
(2.5–20 mg/ml) of mouse splenocytes by ConA, BanLec, and HR tagged and tagless after 48-h incubation. Values shown are themean from triplicate samples.
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chosen. The phylogenetic tree of the respective sequences was
prepared using the tree building algorithm in MEGA6 (41) and
was visualized using iTOL (42).

In vitro characterization
Cloning

A codon-optimized DNA sequence for bacterial expression
encoding HR was obtained from GeneArt (Thermo Fisher Sci-
entific). The codon-optimized DNA sequence was subcloned in
the pET-22b(1) vector using NdeI and XhoI restriction sites. A
stop codon insertion at the end of the protein-encoding
sequence allowed C-terminal His-tagged and tagless expression
of recombinant HR. The restriction digestion of the native vec-
tor and the gene-containing vector was followed by gel extrac-
tion and ligation using T4 DNA ligase. The positive constructs
were screened and selected.

Protein expression

E. coli (BL21-DE3) cells were transformed with the cloned
plasmid, and a colony was inoculated for primary culture in
Luria broth supplemented with ampicillin (100 mg/ml) and
allowed to grow until the A600 reached 0.8. The secondary cul-
ture was then inoculated with 1% primary culture and allowed
to grow at 37 °C until A600 reached 0.6. Protein production was
induced by adding isopropyl b-D-1-thiogalactopyranoside (0.2
mM) and incubated at 18 °C for 18 h. The culture was centri-
fuged (4 °C, 5,000 rpm, 10 min) postinduction, and cells were
washed with 13 PBS. The pellet was resuspended in 30 ml of
lysis buffer (13 PBS, pH 7.4, and 1 mM phenylmethylsulfonyl
fluoride) and sonicated at 28% amplitude for 30 min (2 s on and
6 s off).

Purification of tagless protein

The sonicated mixture was centrifuged (14,000 rpm, 45 min,
4 °C), and the supernatant was incubated with 5 ml of man-
nose-Sepharose beads prepared as indicated (43) for binding on
an end-on rocker for 2 h at 4 °C. Flow-through was discarded,
and beads were washed with 1,000 ml of 13 PBS wash buffer.
Elution fractions of 5 ml each were collected (EB1: 100 mM

mannose 13 PBS buffer; EB2: 200 mM mannose 13 PBS; and
EB3: 300 mMmannose 13 PBS buffer). The purity of the eluted
protein was checked on 15% SDS-PAGE. The pure protein frac-
tions were dialyzed against 13 PBS. The protein concentration
was determined by absorbance at 280 nm utilizing theoretical e
16,500 M

21 cm21. Our optimized protocol provided a yield of 1
mM, 15.21 mg/ml HR (1 ml) from 1.4 liter of the E. coli second-
ary culture.

Purification of His-tagged protein

The sonicated mixture was centrifuged (14,000 rpm, 45 min,
4 °C), and the supernatant was incubated with 2 ml of Ni-NTA
beads for binding on an end-on rocker for 2 h at 4 °C. Flow-
through was discarded, and beads were washed with 100 ml of
wash buffer 1 (13 PBS buffer 1: 10 mM imidazole) and 150 ml
of wash buffer 2 (13 PBS buffer 1: 20 mM imidazole). Elution
fractions of 2 ml each were collected (EB1: 30 mM imidazole;
EB2: 50mM imidazole; EB3: 75mM imidazole; and EB4: 200mM

imidazole). The purity of the eluted protein was checked on
15% SDS-PAGE. The pure protein fractions were dialyzed
against 13 PBS. The protein concentration was determined by
absorbance at 280 nm utilizing theoretical e 16,500 M

21 cm21.

Purification of His-tagged mutant protein

The above clone was used as a template to introduce D39A
and D138Amutation by site-directed mutagenesis. In brief, the
primers were designed using SiteFind with the mutations
D39A and D138A. PCR was performed using the designed pri-
mers (Table S4) followed by digestion with DpnI restriction
enzyme for cleaving the parental plasmid DNA. The digested
mixture was transformed in E. coliDH5a strain (Promega), and
the mutant colonies were screened by plasmid isolation fol-
lowed by digestion with the respective restriction enzymes. The
identity of the clone was confirmed by sequencing. The mutant
protein was expressed, purified in the same way as theWTHis-
tagged protein, and used for ITC experiments.

SEC-MALS

The spectrum for SEC-MALS was obtained to check the oli-
gomerization status of the protein. The Superdex 200 10/300
columnwas pre-equilibrated with 500mMmannose, 13 PBS to
prevent the binding of the protein to the column. The column
was then connected to a Wyatt Treos multiangle light-scatter-
ing instrument with an inline refractive index detector (Waters
2414 RI detector) and a multiwavelength UV detector (Shi-
madzu SPD-10 A VP UV-visible detector). Approximately 100
ml of 16 mg/ml protein solution was injected onto the column.
The molar mass and mass percentage of each fraction were cal-
culated using the ASTRA program (Wyatt Technology).

Circular dichroism

The CD spectrum of the purified protein (15 mM) in 13
phosphate buffer without the saline (pH 7.4) was carried out in
a 260 to 195-nm range to determine the secondary structural
characteristics of the protein. The experiment was done on a
JASCO-J715 polarimeter in a 0.2-cm pathlength cuvette, with a
slit width of 1 nm, a response time of 4 s, and a scan speed of 50
nm/s. Each data point was an average of four accumulations.
GraphPad Prism version 7 software was used to plot the CD
spectrum. The analysis of the predicted CD plot was done using
the K2D2 webserver.

Fluorescence spectrum measurement

Fluorescence spectrum measurement was performed using
intrinsic fluorophore tryptophan. Fluorescence spectra of the
purified recombinant protein (15 mM) were measured at differ-
ent pH conditions in 13 PBS at room temperature. The emis-
sion spectrum was recorded by exciting the protein at 295 nm
and recording the emission in a 300–400 nm range in a quartz
cuvette on a Jasco FP spectrofluorometer. The excitation and
emission slit widths were 5 nm. Each spectrum was an average
of four consecutive scans, and all of the experiments were done
in duplicates.
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Hemagglutination

Preparation of rabbit erythrocytes—Rabbit blood (2-5 ml)
was obtained from the Central Animal Facility at the Indian
Institute of Science, Bangalore. The blood was washed with 13
PBS (pH 7.4) and centrifuged three times at 1,200 rpm at 4 °C
for 10 min to isolate the erythrocytes from the blood sample
obtained in the form of a pellet. The treated rabbit erythrocytes
were then stored at 4 °C and diluted appropriately in 13 PBS
for use in the hemagglutination experiment.
Hemagglutination assay—The hemagglutinating activity of

the lectin was determined by a 2-fold serial dilution procedure
in amicrotiter U-plate using heparin-treated 4% rabbit erythro-
cytes in 13 PBS buffer. The results were read after 1 h, when
the blank or the negative control had fully sedimented. The
hemagglutination titer is defined as the reciprocal of the
highest dilution still exhibiting hemagglutination, which
was reckoned as one hemagglutination unit. Specific activity
is the number of hemagglutination units/mg of the protein.
The experiment was performed at different pH levels to
determine the optimum pH for activity starting from the ini-
tial concentration of 25 mg/ml. The experiment was done in
triplicate for HR with BanLec as the positive control and 13
PBS as the negative control.
For hemagglutination inhibition assay, 25 ml of 10 mg/ml HR

was incubated with an equal volume of a serial 2-fold dilution
of the carbohydrate being tested. After incubation at room tem-
perature for 30 min, the mixture was mixed with 50 ml of a 4%
suspension of rabbit erythrocytes. The minimal concentration
of the carbohydrate in the final reaction mixture capable of
completely inhibiting four hemagglutination units of the lectin
was calculated from the results.

Thermal shift assay

A fluorescencemicroplate reader (iQ5, Bio-Rad iCycler Mul-
ticolor Real-Time PCR detection system) was used to monitor
protein unfolding as a function of temperature. The detection
involves an increase in fluorescence of a fluorophore, SYPRO
Orange (Sigma, S5692), upon binding to the hydrophobic
regions of the gradually unfolded protein. Protein samples were
mixed with 13 PBS buffer (pH 7.4) consisting of 13 SYPRO
Orange dye and appropriate concentrations of ligand over the
range of severalfold. Samples (10 mM) in triplicates were kept in
a 96-well PCR microplate (Bio-Rad) in the i-Cycler iQ5 Multi-
color RT-PCR detection system. The samples were heated at
0.5 °C/min, ranging from 25 to 95 °C, and the fluorescence
intensities were measured at an interval of 0.5 °C. A Cy5 filter
with red-orange color intensity was selected for the SYPROOr-
ange detection. Appropriate buffer blanks, in triplicates, were
kept, and the intensities were subtracted for the same in each
set. The average fluorescence intensities from the samples kept
in triplicates were plotted as a function of temperature using
GraphPad Prism version 7 software, and the Tm of protein was
determined using the sigmoidal dose-response function of
GraphPad. These experiments were also carried out at different
ionic strengths of the buffer, different pH levels, and varying
ligand concentrations.

Isothermal titration calorimetry

HR protein with a 63 histidine tag at the C terminus was
used mostly for ITC studies. An ITC-200 microcalorimeter
(GE Healthcare) was used for data collection. The protein was
dialyzed in 13 PBS at pH 7.4 for at least 24 h, with three buffer
changes prior to the titration. All of the reactant solutions were
degassed for 30min before the titrations. After preparation, the
solutions, including the reactants and buffer solutions used for
rinsing the cells and for the reaction setup, were degassed for 30
min. HR (80–2000 mM) was loaded in the sample cell and titrated
with 1.6–2 ml of ligand, prepared in the dialysis buffer until satu-
ration in the exothermic heats was observed (Table S5). The vol-
ume of the first injectionwas 0.6ml. Each injection had a duration
of 20 s, and they were 200 s apart. A stirring speed of 1,000 rpm
was used. The exothermic heats associated with the titration of
the ligand into the buffer were subtracted from that of the titra-
tion of the ligand into the protein solution. A plot of the incre-
mental heat evolved as a function of the molar concentration of
the ligand to the molar concentration of the lectin monomer was
least squares–fitted to a single set of sites to obtain binding affin-
ity (Kb), stoichiometry (n), and change in enthalpy (DH) and en-
tropy using Origin 7.0 software. The change in entropy (DS) was
calculated using the following equations,

DG
8

b ¼ DH
8

b � TDS (Eq. 1)

DG
8

b ¼ �RT lnKb (Eq. 2)

where R is the gas constant, 8.314 J mol21 K21, and T is the
absolute temperature in kelvin. The results reported are the
average of three or more independent experiments.
For most titrations, the protein concentration was in the ac-

ceptable range of the “c-value,” a unitless constant, defined by
Ka 3 Mt(0), where Ka is the association constant and Mt(0) is
the initial concentration of the HR monomers. For mono-, di-,
and trimannoside, the monomer concentration was multiplied
by 2, as HR has 2 binding sites/subunit, and the c-value
achieved was found to be ,1 for the Me-a-Man, Man, and
mannobioses as higher concentrations (.2 mM) of HR could
not be contained because of protein aggregation and precipita-
tion. Man5, Man7D1/3, and Man9 bind simultaneously to both
of the sites in each protomer of HR, and the c-value achieved
was 12, 22, and 22, respectively, adding to the confidence in
stoichiometric and thermodynamic parameters. Despite a c-
value of 0.5 for mono- and disaccharides, the n and Ka values
obtained can be considered to be reliable as evident from an
agreement between the KD = 1/Ka values from ITC experi-
ments and the hemagglutination inhibition studies, although
the enthalpy values for them could be overestimated as they are
extrapolated from the fit. There was no significant difference
observed in the binding thermodynamics between HR tagged
and its tagless counterpart (Fig. S3 and Table S6).

In silico structure generation and validation
Modeling of the protein and validation

To overcome the paucity of structural data, two model-
ing approaches—comparative modeling and threading—
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were employed. The protein was modeled using homology
modeling by the Phyre2 web server (44) and Modeller9v19 and
a threading approach using I-TASSER (45). For Modeller, the
top 10 BLASTp hits were taken, and the structure was prepared
using the alignment of these sequences and structure as a tem-
plate. This was followed by loop optimization to cater to the
loops adjoining the b-sheets. The structure was found to consti-
tute 62.3% b-sheet, 12.3% bend, and 6.2% turn
Validation of model structures was performed bymonitoring

for stereochemical quality, including planarity, chirality, f/c
preferences, x angles, nonbonded contact distances, and unsa-
tisfied donors and acceptors. The validation of f/c preference
for the modeled structure and structure validation was per-
formed using PROCHECK, Ramachandran plot with the most
favored, additionally allowed, generously allowed, and disal-
lowed regions according to observed frequencies in high-reso-
lution structures in the PDB. The tool ERRAT (46) was used to
determine the quality of the model. Because HR has a b-prism
fold consisting of 12 b-sheets, the topology of the modeled
structure was generated. The wiring plot with respect to the
residues and topology diagram for the secondary structural ele-
ments of the structures were generated using the PDBsum web
server (47). A simulation of 100 ns was performed to check for
the stability of the structure and the maintenance of secondary
structure by the modeled structure. Prior to docking and MD
simulations, the stability and the flexibility of the structure
were analyzed using RMSD and RMSF of the 100 ns run. The
maintenance of the secondary structure throughout the simula-
tions was analyzed using the dssp (database of secondary struc-
ture assignments) function.

Oligosaccharide preparation

The oligosaccharides were prepared using GLYCAM-WEB
(RRID:SCR_018260). The Man9 structure was truncated to
obtain the different shorter oligosaccharides for the docking
and simulation analysis. Independent, unbound states of the
glycans were also subjected to MD simulation to obtain mini-
mum energy conformers (Fig. S5). Glycans are depicted using
symbols for monosaccharides as presented in the current ver-
sion of the Symbol Nomenclature for Glycans.

Docking studies

Web servers COACH (48) and metaPocket (49) were used to
detect the cavities and binding sites in themodeled protein. For
further analysis of the number of binding pockets in the mod-
eled lectin, a pairwise alignment was performed using the
sequence of BanLec. All docking calculations were performed
using Dock6 (version 6.6) (RRID:SCR_000128) (50). The pro-
tein receptor was processed using the Dock Prep module of
Chimera using AMBER parm99 partial charges and the conse-
quent output in Mol2 format (57). Active sites were identified
and prepared by selecting spheres at a distance of 1–5 Å from
the binding regions. All of the input files required to define the
negative image of the binding site were prepared to superpose
the ligands using the programs present in the DOCK distribu-
tion. Ligands were protonated and assigned AM1-BCC charges
and then docked. A standard flexible docking protocol was

employed to sample internal degrees of freedom of the ligands.
The important parameters were as follows: A minimum of five
atoms were treated as rigid, the maximum number of anchor
orientations attempted was set to 1,000, and all 1,000 orienta-
tions were retained using a pruning clustering coefficient of
100 combining conformer rank and RMSD. A simplex mini-
mizer was employed with score convergence set to 0.1 kcal/
mol, and translational, rotational, and torsional step sizes for
the simplex minimizer were set to 1.0 Å, 0.1p radians, and 10.0,
respectively. A single round of simplex minimizer constituted a
maximum of 500 iterations for the anchor and 500 iterations
for the partially grown molecule. A pruning score cut-off was
maintained at 100 kcal/mol to reject the conformers greater
than the cut-off after energy minimization. Grid scoring based
on the intermolecular nonbonded terms (viz. van derWaals for
steric and electrostatic interactions) was computed using
AMBER force field ff99 to identify the best orientation of each
ligand. Finally, the best-scored conformer was retained for
scrutiny and further refinement and Amber-based scoring. The
docked poses were verified with respect to the crystal structures
to ensure the relative positions of the docked sugar Man-D1
vis-à-vis crystal structure, and the best dock pose among differ-
ent iterations was chosen for each of the carbohydrate-binding
sites. It is to be noted that for glycans, Man5, Man7-D1, and
Man9, the D1 arm of the glycan was transposed onto the man-
nose structure of HR at both of the carbohydrate-binding sites.

Conventional molecular dynamic simulations

Initially, independent simulations were performed on theHR
system to ensure the maintenance of its three b-sheets and on
the oligosaccharides to obtain the various plausible conforma-
tions of the glycans. Further, to examine the protein with differ-
ent high-mannose derivatives and the possibility of cooperativ-
ity in their binding, docking and simulation studies were
conducted. For the high-mannose oligosaccharide recognition,
we consider the role of the whole surface of the CBS, including
the monosaccharide-binding pocket, along with the residues
that make up the common secondary binding site between the
two binding pockets to participate in the binding of the com-
plex glycans as seen from the ITC data.

Simulation parameters

The docked mannose on the predicted structure of HR
was used for all-atom molecular dynamics simulations using
GROMACS version 5.1.5 (51). The simulation of the docked
structure was carried out using the OPLS-AA (optimized
potential for liquid simulation—all atoms) force field (modified
appropriately for carbohydrates) (52) and TIP3P water model.
A vacuum energyminimization step was performed by employ-
ing the steepest descent algorithm for 50,000 steps, and conju-
gate gradient minimization was performed for 5,000 steps. So-
dium (Na1) and chloride (Cl2) counter ions were added at a
physiological concentration to neutralize the system after sol-
vent addition by assuming normal charge state of ionizable
groups with reference to pH 7.0 and by adjusting the bounda-
ries of the dodecahedron box by 10 Å in a unit cell. The docked
structure system in the solvent was again subjected to energy
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minimization for 50,000 steps for stabilization. Position re-
straint and unrestrained dynamics simulations of the solvated
system were performed, and the Parrinello–Rahman pressure-
coupling bath was used for the equilibration step (NVT and
NPT) of the system at temperature 300 K using a Nose–Hoover
thermostat under pressure of 1 atm for 1 ns. For simulations, all
bonds were constrained using the LINCS algorithm. The parti-
cle Mesh–Ewald method was used for electrostatic calculations
by maintaining a cut-off distance of 1.4 nm for coulomb and
Van der Waals interactions, and finally, the production run for
100 ns was performed for the simulations.
Trajectories obtained from simulations were analyzed using

tools provided byGROMACS. PyMOL (53) andUCSFChimera
(57) were used for the visual analysis of the snapshots.
GROMACS built-in programs were used for the calculation of
RMSD. The hydrogen bonds being formed throughout the 100
ns trajectory were analyzed using the hbond built-in function.
Xmgrace was used for the generation of graphs.

Binding energy calculation using MM/PBSA

The binding free energies of the lectin-oligosaccharide com-
plexes were calculated using the MM/PBSA approach (54) to
evaluate the relative stabilities of these different complexes.
This method involves a combination of molecular mechanics
energy with implicit solvation models to calculate binding free
energies. InMM/PBSA, binding free energy (DGbind) between a
ligand (L) and a target (T) to form a complex is calculated using
the equations,

DGbind ¼ DH2TDS (Eq. 3)

DGbind ¼ DEMM 1DGSol 2TDS (Eq. 4)

DEMM ¼ DEInternal 1DEElectrostatic 1DEVdw (Eq. 5)

DGSol ¼ DGPB 1DGSA (Eq. 6)

where DEMM, DGSol, and 2TDS are the changes of the gas-
phase molecular mechanics energy, the solvation free energy,
and the conformational entropy upon binding, respectively.
DEMM comprisesDEInternal (bond, angle, and dihedral energies),
DEElectrostatic (electrostatic energies), and DEVdw (van derWaals
energies). DGSolv is the sum of electrostatic solvation energy
(polar contribution) DGPB and nonelectrostatic solvation com-
ponent (nonpolar contribution) DGSA. The polar contribution
is calculated using the Poisson–Boltzmann surface area model,
whereas the nonpolar energy is estimated from the solvent-ac-
cessible surface area (55). Convergence analysis suggested the
calculation of the free energies on the last 90 ns of the
trajectory.

Interaction of horcolin with the viral glycoproteins by surface
plasmon resonance (SPR)

SPR assays were performed on a BIAcore 3000 instrument
(Biacore, Uppsala, Sweden) optical biosensor at 25 °C. The HR
protein (tagged and tagless) was immobilized onto a CM5 dex-
tran sensor surface through standard amine coupling techni-
ques using 0.2 M EDC and 0.05 M NHS, based on manufacturer

protocols and as described previously. Briefly, the carboxy-
methyl dextran was activated by injecting 35 ml of the EDC/
NHS solution over the surface at 5 ml/min. The protein was
diluted to 0.01 mg/ml in 10 mM sodium acetate, pH 4.5, and
manually injected over the activated CM5 sensor surface until
the appropriate amount of the HR protein (in response units or
1,000 RU) was immobilized onto the surface. The reactive sur-
face was then quenched by injecting 35 ml of 1 M ethanolamine,
pH 8.0, over the surface at 5 ml/min. A nonspecific reference
surface was created in an empty channel. This reference sur-
face, along with buffer injections (13 PBS, pH 7.4), was used to
correct for nonspecific interactions and instrumental artifacts
and served as a negative control for each binding interaction.
Serial dilutions of gp120 and gp140 were made in 13 PBS and
injected over the surface at 50 ml/min with a 100-s association
and up to 200-s dissociation. Protein concentrations ranged
from 10 to 125 nM for gp120 and 100 nM to 2 mM for gp140. The
surfaces were then regenerated with a 5-s pulse of 2 M magne-
sium chloride, 50 ml/min. Each binding curve was corrected for
nonspecific binding by subtracting the signal obtained from the
negative empty flow cell. Kinetic analysis of gp120 and gp140
binding to HR protein was performed by fitting the binding
curves to a Langmuir 1:1 model using the BIAevaluation 4.0
program, with low residuals and x2. This analysis determined
the average ka and kd values, which were then used to calculate
the associatedKa and KD values.

Characterization of anti-HIV activity of horcolin

Preparation of infectious virus stocks—HEK-293T cells were
seeded at a density of 2.5 3 106 cells/100-mm Petri dish con-
taining 100 ml of DMEM (Gibco) supplemented with 10% FBS
(Gibco) and 1% penicillin/streptomycin (Gibco) to avoid bacte-
rial contamination. 12 h postseeding, the medium was replaced
with fresh complete medium, and cells were transfected with
molecular clones of HIV-1JRFL andHIV-1YU2 using the CalPhos
mammalian transfection kit (Takara) according to the manu-
facturer’s protocol. 36 h post-transfection, supernatant was col-
lected and subjected to ultracentrifugation at 28,000 rpm for
2.5 h using an SW28Ti rotor (Beckman). The virus pellet was
resuspended in serum-free RPMI 1640 (Gibco) and stored in
small aliquots at280 °C for further use.
Determination of infectivity of prepared virus stocks—TZM-

bl cells were seeded at the density of 0.1253 106 cells/well of a
24-well plate containing 500 ml of DMEM (Gibco) supple-
mented with 10% FBS (Gibco) and 1% penicillin/streptomycin
(Gibco). 12 h postseeding, the medium from each well was
replaced with fresh complete medium, and the cells were
infected with different concentrations of HIV-1JRFL and HIV-
1YU2 as described previously (56). 48 h postinfection, medium
was removed, and infected cells were fixed with 0.1% formalde-
hyde. 15 min postfixation, cells were washed twice with 500 ml
of 13 PBS and were stained with X-gal–based staining solution,
and blue cells were counted in different fields of each well.

Neutralization assay

TZM-bl cells were seeded at a density of 10,000–12,000
cells/well of a 96-well plate containing 100 ml of DMEM
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(Gibco) supplemented with 10% FBS (Gibco) and 1% penicillin/
streptomycin (Gibco) to avoid bacterial contaminations. 12 h
postseeding, TZM-bl cells were infected for 4 h with a 0.1 mul-
tiplicity of infection of HIV-1JRFL and HIV-1YU2 in the presence
or absence of HR proteins or controls independently. Untreated
cells were considered as negative controls, and b12-treated cells
were considered as positive control. 48 h postinfection, the me-
dium was removed, and cells were washed twice with 100 ml of
13 PBS using a multichannel pipette. After washing, 50 ml of
SteadyGlo substrate (Promega) was added to each well (1:1 with
13 PBS) and transferred to an opaque plate using a multichannel
pipette. Luminescence was measured using a Molecular Devices
M5microplate reader.
Each experiment was performed in duplicate, and three bio-

logical replicates of the assay were conducted. The average of
the three experiments was taken for the IC50 calculation by
nonlinear regression using GraphPad Prism software.

Assay of mitogenic and cytokine-inducing activity

All of the animal experiments were performed strictly
according to the guidelines of the animal ethics committee.
Clearance to perform the animal experiments was obtained
from the Institutional Animal Ethics Committee before the
commencement of the experiments.

Splenocyte isolation

C57BL/6male mice, aged 6–8 weeks, were sacrificed, and the
spleen was isolated. Cells from the spleen were isolated by car-
rying out teasing using a pair of forceps. Splenocytes were iso-
lated using the Percoll gradient centrifugation method and
washed using 5% RPMI medium. Cells were counted using a
hemocytometer and seeded at a density of 0.25 million cells/
well in a 96-well plate. Cells were then activated with different
concentrations of ConA, BanLec, and HR (tagged and tagless)
and were analyzed at different time points (36 and 48 h) after
activation.

Propidium iodide assay

At desired time points, cells were taken and fixed with 70%
ethanol (chilled). It was added in a dropwise manner to avoid
clumping. Cells were then fixed on ice for 15–30 min or kept at
220 °C for long storage. After fixing, the cells were washed
with 1 ml of 13 PBS. 100 mg/ml RNase A was added to each
tube. After this, 50 mg/ml propidium iodide was added and
incubated at room temperature for 15–30 min. Cells were ana-
lyzed using the flow cytometer, and the percentage of cycling
cells was calculated.

ELISA for the quantification of cytokines

Cell supernatant was used to measure cytokine levels. A 96-
well plate was used for the coating of the desired antibody with
the help of a coating buffer. The coating was carried by adding
the antibody to each well and incubated at 4 °C overnight.
Washing was then carried out, and 13 assay diluent or ELISA
blocking buffer containing phosphate-buffered solution sup-
plemented with fetal bovine serum as a source of animal serum
proteins was added to each well. This was used for the blocking

of nonspecific binding of ELISA plates. After 1 h of incubation,
wells were washed using thewashing buffer, 13 PBS containing
0.05% Tween 20. The sample and desired standards were added
to the washed wells. The buffer used for samples and the stand-
ard preparation was 13 assay diluent made from 53 stock. The
plate was then incubated at 37 °C for 2–3 h. The wells were
washed, and the detection antibody diluted in blocking buffer
was added to each well, making the volume in each well 100 ml.
The plate was incubated for 1–2 h at room temperature. In the
end, the antibody conjugated to the enzyme (avidin-horserad-
ish peroxidase) was added at the appropriate concentration af-
ter washing. After 15 min of incubation at room temperature,
the TMB substrate was added to each well. After the color was
generated, the reaction was stopped by adding 50 ml of 1 M

H2SO4 (stop solution), making the final volume in each well
150 ml. The absorbance level is detected using a plate reader
using a 450-nm wavelength of light. Unknown concentrations
were calculated using the standard graph. The antibodies used
in coating and detection were procured from the eBioscience
ELISA kit (2503/1,0003) diluted to 13 for the experiment.

Statistical analysis

All data were analyzed using nonparametric analysis of var-
iance tests. To detect differences among groups, the New-
man–Keuls multiple-comparison test was used for pairwise
comparison. All results were expressed using mean values 6
S.D. and were considered statistically significant when the p
value was,0.05.

Data availability

All data are contained within the article.
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