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Abstract

Tarin, the Colocasia esculenta lectin from the superfamily of α-D-mannose-specific plant bulb lec-

tins, is a tetramer of 47 kDa composed of two heterodimers. Each heterodimer possesses homolo-

gous monomers of ~11.9 (A chain) and ~12.7 (B chain) kDa. The structures of apo and

carbohydrate-bound tarin were solved to 1.7 Å and 1.91 Å, respectively. Each tarin monomer

forms a canonical β-prism II fold, common to all members of Galanthus nivalis agglutinin (GNA)

family, which is partially stabilized by a disulfide bond and a conserved hydrophobic core. The

heterodimer is formed through domain swapping involving the C-terminal β-strand and the

β-sheet on face I of the prism. The tetramer is assembled through the dimerization of the B chains

from heterodimers involving face II of each prism. The 1.91 Å crystal structure of tarin bound to

Manα(1,3)Manα(1,6)Man reveals an expanded carbohydrate-binding sequence (QxDxNxVxYx4/6WX) on

face III of the β-prism. Both monomers possess a similar fold, except for the length of the loop, which

begins after the conserved tyrosine and creates the binding pocket for the α(1,6)-terminal mannose.

This loop differs in size and amino-acid composition from 10 other β-prism II domain proteins, and may

confer carbohydrate-binding specificity among members of the GNA-related lectin family.
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Introduction

Lectins are carbohydrate-binding proteins of non-immune origin
found in almost all living things (Goldstein et al. 1980) performing a
multitude of functions, including cell proliferation (Pereira PR, Silva
JT, et al. 2015), cell adhesion, cell signaling, glycoprotein clearance
and pathogen recognition (Sharon 2008). This heterogeneous group
of proteins varies widely in size, structure, molecular organization
and constitution of their binding sites (Sharon 2008).

Plant lectins can be classified into 12 families of evolutionary
and structurally related proteins (Van Damme et al. 2008). The
Galanthus nivalis (snowdrop) agglutinin-related family resemble

each other with respect to their primary sequences, carbohydrate-
binding specificities and three-dimensional structures (Van Damme
et al. 2007). The GNA was the first lectin characterized (PDB IDs
1MSA and 1JPC) and the X-ray structure showed that it adopts a
β-prism II fold (Hester et al. 1995), conserved among the angios-
perms, that is composed of three antiparallel four-stranded β-sheets
arranged as a beta barrel (Van Damme et al. 2007). Each β-prism II
domain contains one, two or three carbohydrate-binding sites
(CBSs) (Sharma et al. 2007) displaying a conserved motif QXD
XNXVXY on the third strand of each β-sheet (Ramachandraiah and
Chandra 2000). Most of the plant GNA-related lectins have
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subunits derived from primary translation products, comprising
a single GNA domain ~110 residues in length (Van Damme et al.
1998); whereas other GNA-related lectins comprise two homolo-
gous GNA domains arranged in tandem. The supramolecular organ-
ization of the two domains of the GNA-related lectins is determined
by the degree of oligomerization and post-translational processing
of the precursors (Van Damme et al. 1998). Those with a single
domain, exhibit exclusive specificity toward mannose and oligoman-
nosides (Mo et al. 1999), whereas the two-domain lectins have two
different CBSs that recognize oligomannoses and complex N-linked
carbohydrates, respectively (Van Damme et al. 2007).

Tarin, the GNA-related lectin from Colocasia esculenta, accumu-
lates in large amounts in vacuoles of the storage parenchyma cells of
edible taro corms (de Castro et al. 1992). The tar1 gene encodes a
single polypeptide chain of 28 kDa. After translation, the signal pep-
tide is removed and the protein is proteolyzed into two different, but
homologous subunits (Carneiro et al. 1990). Our group purified and
characterized tarin (Pereira et al. 2014) finding that it is a 47 kDa
tetramer comprised of two identical heterodimers containing mono-
meric subunits of 11,900Da and 12,700Da (Pereira PR, Winter
HC, et al. 2015). The GNA-related lectin from Remusatia vivipara
(Bhat et al. 2010), a member of Araceae family is closely related to
C. esculenta (Li et al. 2012) was also shown to be a 49.5 kDa tetra-
mer composed of distinct 12 kDa and 12.7 kDa subunits (Bhat et al.
2010), and its crystal structure has been solved (PDB ID 3R0E)
(Shetty et al. 2012).

Herein, we describe the crystal structures of apo and Manα(1,3)
Manα(1,6)Man bound tarin.

Results and Discussion

Crystallographic studies

The crystal structures of tarin in its apo and carbohydrate-bound
forms were refined to resolutions of 1.7 Å and 1.91 Å, respectively
(Table I). Each subunit exhibits the canonical β-prism II fold com-
mon to all GNA-lectin members, comprising three subdomains of
four-stranded antiparallel β sheets arranged perpendicular to the
prism axis. The fold is partially stabilized by a disulfide bond
between the cysteines on faces II and III of the prism, and by a con-
served hydrophobic core (Figure 1A and D) (Hester et al. 1995;
Shetty et al. 2012). Tarin heterodimeric unit (Figure 1B) contains
two chains, A and B, that respectively correspond to the N- and
C-terminal fragments generated by proteolysis from the 28 kDa tar-
in precursor protein (Bezerra et al. 1995). The B chain has 47.6%
sequence identity to chain A and structurally aligns to A with an
rmsd of 0.698Å in the apo structure. Residue 93 in the B chain
showed heterogeneity and was modeled and refined as both glutam-
ine and arginine with 50% occupancy for all 12 instances of the
B chain (4 in the native and 8 in the Manα(1,3)Manα(1,6)Man
bound structures), which is consistent with the multiple pH depend-
ent isoforms determined by Pereira and colleagues (Pereira PR,
Winter HC, et al. 2015). The heterodimer is stabilized by a domain
swap where the C-terminus of the A chain forms the fourth β-strand
on face I of the B chain, and the C-terminus of the B chain re-
produces this same interaction in the A chain (Figure 1B). This
“C-terminal exchange” dimerization has been shown in the struc-
ture of the GNA-lectin homodimer (Hester et al. 1995) and the RVL
heterodimer (Shetty et al. 2012). In addition to the swapped strand,
the tarin dimer interface is quite extensive, having a buried interface

of ~1727.9 Å2 that is stabilized by 24 hydrogen bonds (H-bonds),
two salt bridges and numerous van der Waals contacts.

SEC–MALS analysis has shown that the biological unit of tarin is
a tetramer with a mean molecular mass of 47 kDa (Pereira PR, Winter
HC, et al. 2015). The tetramer is formed through the dimerization of
the B chains from the heterodimers (Figure 1C). The interface involves
face II of each prism and contains several prominent π–π stacking
interactions: Phe57 and Phe73 from each chain interact in the middle
of the interface, while His55 from one B chain and His62 from the
other form π–π stacking at each end. The buried interface for the tetra-
mer is 988 Å2, comprising 24 H-bonds and 14 salt bridges. This tetra-
meric form is similar to the tetramer of RVL (Shetty et al. 2012),
indeed the tetramers align with an rmsd of 0.789Å. Although tarin
was shown to contain 2–3% carbohydrate (Pereira PR, Winter HC,
et al. 2015), no electron density corresponding to glycosylation was
observed in either crystal structure.

Carbohydrate-binding sites: implications for specificity

Although Manα(1,3)Manα(1,6)Man did not inhibit hemagglutinat-
ing activity (Pereira PR, Winter HC, et al. 2015), we were able to
obtain the crystal structure of the trimannoside bound to tarin by
incubating the protein in a solution containing 145 molar excess of
Manα(1,3)Manα(1,6)Man prior to crystallization. In the crystal

Table I. Crystallography data collection and refinement statistics

Data collection Native tarin Trimannoside-bound
tarin

SpaceGroup P21 P1
Unit Cell a, b, c (Å) 47.700, 82.710,

122.700
78.280, 78.828,
92.935

α, β, γ (°) 90.00, 91.76, 90.00 76.19, 70.44, 59.80
Wavelength (Å) 0.97856 0.97872
Resolution (Å)a 1.72 (1.75–1.72) 1.91 (1.94–1.91)
Rsym (%)b 6.7 (38.1) 8.5 (35.2)
<I/σI>c 20 (5) 10 (5)
Completeness (%)d 99.3 (98.1) 97.3 (83.6)
Redundancy 4.0 (3.9) 3.9 (3.5)

Refinement

Resolution (Å) 1.7 1.91
R-Factore 0.188 0.209
Rfreef 0.208 0.244
Protein atoms 6770 13570
Water molecules 710 835
Unique reflections 104443 135823
R.m.s.d.g

Bonds (Å) 0.007 0.010
Angles (°) 1.02 1.08

MolProbity scoreh 1.27 1.36
Clash scoreh 4.15 4.84

aStatistics for the highest resolution bin of reflections in parentheses.
bRsym =ΣhΣj | Ihj-<Ih> | /ΣhΣjIhj, where Ihj is the intensity of observation j of

reflection h and <Ih> is the mean intensity for multiply recorded reflections.
cIntensity of signal-to-noise ratio.
dCompleteness of the unique diffraction data.
eR-factor = Σh I |FoI – IFc| | / ΣhIFo|, where Fo and Fc are the observed and

calculated structure factor amplitudes for reflection h.
fRfree is calculated against a 10% random sampling of the reflections that

were removed before structure refinement.
gRoot mean square deviation of bond lengths and angles.
hChen et al. (2010).
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structure, Manα(1,3)Manα(1,6)Man binds to the CBS on face III of
each β-prism II domain (Figure 1C) offering insights into the binding
specificity for each site.

The reducing mannose is the main driving force in binding to
both sites as each has 1–2 hydrophobic interactions and 5 H-bonds
to the protein with no water mediated H-bonds (Figure 2). The
1,3-terminal mannose binds via only 1–3 H-bonds directly to the
protein. The well-ordered density of the 1,3-terminal mannose in

the A chain is due to crystal packing. Lys24 and Asn25 from an
adjacent tetramer form H-bonds with hydroxyls O3 and O2 on the
solvent exposed side of the 1,3-terminal mannose, effectively sand-
wiching the carbohydrate in the binding site.

The binding site of the 1,6-terminal mannose heralds the greatest
difference between the A and B monomers of tarin in the
trimannoside-bound structure. The 1,6-terminal mannose binds via
1 H-bond directly to the A chain, but has eight interactions with the

Fig. 1. Crystal structure and higher order oligomers of tarin. (A) The β-prism of tarin chain A bound to Manα(1,3)Manα(1,6)Man is shown as a green ribbon structure

with disulfide bond in yellow and Manα(1,3)Manα(1,6)Man as sticks with carbons (green) and oxygens (red). The faces of the prism are labeled (I, II and III). (B) Tarin

heterodimer, chain A (green) and chain B (blue), with the two-fold axis represented by a red arrow. (C) Tetrameric form of tarin showing B chains interacting via their

II faces. Bound Manα(1,3)Manα(1,6)Man are shown as magenta sticks. (D) Sequence alignment of tarin (chains A and B), Tar1 gene (Bezerra et al. 1995), C. esculenta
12 kDa storage protein (CESP; GenBank: BAA03722.1) and Remusatia vivipara lectin (RVL: GenBank ID ACH41914.1). The expanded CBS for each chain is boxed in

red with carbohydrate interacting residues in bold. The conserved proteolyzed linker sequence, not present in the structure, is in bold italics. The conserved

cysteines are yellow and asterisks mark the conserved hydrophobic core.
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B chain. An overlay of the two monomers show a similar fold with
an rmsd of 0.958 Å. The difference lies in the length of the loop con-
necting strands 3 and 4 of β-sheet III. This loop is three residues
long (NGN) in A chain, and five (GGKYG) in B chain. This pro-
duces a 5 Å linear expansion of the B chain CBS allowing the
1,6-terminal mannose to lie ~2 Å closer to the surface of the protein
interacting directly with the backbone atoms (Figure 2B). Based on
the number of interactions of the individual monosaccharides and
the overall buried surface area of the trimannoses (318 Å2 and
352.6 Å2 for sites A and B, respectively), it appears that the B chain
has a higher affinity for Manα(1,3)Manα(1,6)Man than the A chain.

To investigate if the length and composition of this loop may
confer carbohydrate-binding specificity among the GNA-related lec-
tin family members, a structural alignment of the A and B CBSs of
tarin with ten β-prism II proteins was performed (Figure 3A).
Although the carbohydrate-binding consensus sequence is highly

conserved among all β-prism II proteins, the loop defining the bind-
ing site of 1,6-terminal mannose varies in both size and content. The
loop is bracketed by the conserved tyrosine that was part of the ori-
ginal consensus sequence and interacts with the reducing sugar,
along with the newly noted tryptophan residue. The spatial position
of the tyrosine and tryptophan is the same for all β-prism II proteins,
leaving the intervening loop region to differ in sequence and con-
formation. RVL adopts the same binding site conformations as tar-
in. As the closest relative to tarin, it folds into a similar oligomeric
structure (Shetty et al. 2012). The apo A chains share 92% sequence
identity and structurally align with an rmsd of 0.476 Å, while the
apo B chains share 95% homology and align with an rsmd of
0.376Å. The remaining members of the β-prism II super-family
adopt the loop conformation of GNA (Wright and Hester 1996).

Overlays of tarin’s A and B CBSs with the trimannoside-bound
form of GNA show that the GNA structure has a proline residue in

Fig. 2. Carbohydrate-binding sites of tarin. Manα(1,3)Manα(1,6)Man binding to the CBS on face III of (A) A chain and (B) B chain. Top views show trimannoside as

sticks, oxygens (red) and carbons (cyan), with their Fo–Fc electron density maps contoured at 3σ shown as a black grid. The bottom view of each site is rotated 90°
about the X-axis with regards to the top view. Side chains that interact with Manα(1,3)Manα(1,6)Man are shown as sticks with carbons (gray), nitrogens (blue) and

oxygens (red). H-bonds are depicted as dashed lines. Conserved interacting water molecules are shown as red spheres. Noncovalent interactions between the

CBSs and Manα(1,3)Manα(1,6)Man, including water mediated interactions, are listed below each picture. The H-bond distance is the average distance between the

ligand and protein atom in all A or B chains of the asymmetric unit.
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the loop region, occupying the same position as 1,6-terminal man-
nose in the tarin structure (Figures 3B and C and Supplementary
Figure S1). Therefore, the position of 1,6-terminal mannose in the

GNA structure is displaced up to 4.5 Å with regards to its position
in tarin. Although the proline forces a kink in the loop, this con-
formation is not dependent on the presence of a proline residue

Fig. 3. Conformational differences in carbohydrate-binding sites between β-prism II proteins. (A) Sequence alignment of the expanded conserved CBSs of the ten β-
prism II family members. The sequence identity and rsmd from structural alignments with tarin carbohydrate-bound forms are listed. The conserved Tyr and Trp resi-

dues are in red. The residues comprising the 1,6-terminal mannose-binding site are in bold italics. RVL, Remusatia vivipara lectin; PCL, Polygonatum cyrtonema Hua

lectin; Curculin, sweet protein from Curculigo latifolia; Neoculin, taste-modifying protein from Hypoxidaceae family; GNA, Galanthus nivalis agglutinin; NPL,

Narcissus pseudonarcissus lectin; ScaFet, fetuin-binding lectin from Scilla campanulata; Gastrodianin, mannose-binding proteins from Orchidaceae family; ASA,

Allium sativum agglutinin; ScaMan, mannose-binding lectin from Scilla campanulata. Tarin CBS A (B) and B (C) were structurally aligned to GNA (PDB ID: 1JPC). In

both panels, the tarin backbone is depicted in gray cartoon and bound to Manα(1,3)Manα(1,6)Man in gray sticks. GNA structure is represented as a blue cartoon with

Pro39 and the bound trimannoside in blue sticks. GNA represents the β-prism II proteins listed in A, except for RVL, which adopts the tarin loop conformation. Black

arrows indicate differences in the conformational loop of tarin and GNA. (D)–(G) Surface diagrams of the carbohydrate-binding residues from the CBS of tarin A chain

(D), tarin B chain (E), GNA (F) and Concanavalin A (G) with carbons (gray), nitrogens (blue) and oxygens (red). Each bound trimannose is shown as cyan sticks. The

black circles represent the binding site of the 1,6-terminal mannose.
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within the sequence, but on the actual number of residues in the
loop. β-prism II proteins that display 6 residues between the con-
served tyrosine and tryptophan have the side chain of their fifth ami-
no acid structurally aligning with Pro39 of GNA. The fifth position
of this loop is very diverse in sequence and may determine the bind-
ing specificity.

In addition to the sequence and conformation of the loop, the
overall surface conformation of the binding site may infer whether
the protein will preferentially bind terminal mannoses of high-
mannose glycans or non-terminal mannoses in complex N-glycans.
Pereira PR, Winter HC, et al. 2015 determined that tarin preferred
binding non-terminal mannoses, as opposed to other trimannose
binding proteins that preferentially bind terminal mannoses, such as
snowdrop GNA (Fouquaert et al., 2009) and Concanavalin A
(Naismith and Field 1996). The surface of the CBS of Concanavalin
A forms a deep pocket to accommodate the binding of the 1,6-ter-
minal mannose (Figure 3G). The CBS surface of GNA snowdrop is
only the size of the trimannose with residues Asn44 and Pro39
effectively sandwiching the 1,6-terminal residue (Figure 3F). The
CBS surfaces of tarin are larger and flatter than GNA (Figure 3D
and E). This increase in surface area, especially on the B chain, could
allow for the recognition of an additional saccharide unit or simply
reduce steric impediments for linked saccharide units from complex
N-glycans. Further studies of tarin bound to complex N-glycans are
needed to fully map the entire CBS and understand its specificity.

The structures presented here have provided evidence that differ-
ences in size, shape and amino-acid content of the loop, starting
after the tyrosine in the conserved carbohydrate-binding sequence of
GNA-related lectins, can contribute to the carbohydrate-binding
specificity of these proteins, thus expanding the carbohydrate-
binding sequence to QxDxNxVxYx4/6WX.

Materials and methods

Tarin purification

A crude extract from taro tubers [C. esculenta (L.) Schott] (Rio de
Janeiro, Brazil) was prepared as previously described (Roy et al.
2002). Tarin was purified to homogeneity. Extract was loaded onto
a Cibacron Blue Sepharose 3GA column pre-equilibrated with
10mM Tris–HCl pH 7.5 and protein eluted by 0.4M NaCl at a
rate of 1.7 mL/min. Two mL fractions were collected during elution
step until the absorbance at 280 nm dropped below 0.01 (Pereira
et al. 2014). The purified tarin was dialyzed against distilled water,
overnight at 4°C, freeze dried and resolubilized in a minimum vol-
ume of elution buffer for crystallization studies.

Crystallization and data collection

Native tarin crystals were grown by sitting drop vapor diffusion,
mixing equal volumes of tarin at 6.5mg/mL in 10mM Tris, pH 7.5
and 0.4M NaCl with a well solution containing 25–35% PEG
3350, 0.2M lithium sulfate and 0.1M Hepes, pH 7.0 or 0.1M
Bis-Tris, pH 6.5 at 20°C. For the trimannoside-bound structure, tar-
in at 6.5mg/mL was pre-incubated with 20mM trimannoside for
4 h at room temperature. Crystals of trimannoside-bound tarin grew
under similar conditions as the native crystals. All crystals grew
within one week. Diffraction data were collected at LS-CAT 21-ID-
G (apo) and 21-ID-F (trimannoside) at the Advance Photon Source
at Argonne National Laboratory. The data were processed with
HKL2000 (Otwinowski and Minor 1997). Native tarin crystallized
in space group P21 with 4 heterodimers in the asymmetric unit.

Trimannose-bound tarin crystallized in space group P1 with 8 het-
erodimers in the asymmetric unit.

Structure determination and refinement

Tarin structure was solved by molecular replacement, inputting the
sequence of tarin from C. esculenta (GenBank: CAA53717.1) in the
Balbes server (Long et al. 2008), which in turn, used the fetuin-
binding lectin (PDB ID 1DLP) as a search model. The trimannoside-
binding tarin structure was solved by molecular replacement using
Phaser (McCoy et al. 2007), with the apo heterodimer as a search
model. The tarin sequence was determined by the high-resolution
electron density maps, sequence alignments of various isoforms of
tarin (Bezerra et al. 1995; Van Damme et al. 1995) and mass spec-
trometry data (data not shown).

Difference electron density maps of the trimannoside-bound struc-
ture showed well-defined electron density for one trimannoside bound
per monomer in 15 of the 16 monomers. The binding site of the P
monomer is partially occupied, and due to crystal packing, the F
monomer shows electron density for a disaccharide unit. Both struc-
tures went through iterative rounds of electron density fitting and
refinement in Coot (Emsley and Cowtan 2004) and Buster (Bricogne
et al. 2011), respectively. Calculations of protein interfaces including
noncovalent interactions and buried surface areas were completed by
the PISA server (Krissinel and Henrick 2007). Protein-ligand interac-
tions were calculated using Molecular Operating Environment soft-
ware (Inc CCG 2011). Structural representations were created using
PyMOL (Schrödinger 2015). For structural analysis and comparisons,
rmsd calculations were performed in Coot using the secondary-
structure matching algorithm (Krissinel and Henrick 2004) on all Cα
within the aligned monomers.

List of abbreviations

ASA, Allium sativum agglutinin; CBS, carbohydrate-binding site; CESP,
Colocasia esculenta storage protein; GNA, Galanthus nivalis agglutinin;
SEC, size exclusion chromatography; MALS, multiangle light scattering;
NPL, Narcissus pseudonarcissus lectin; PCL, Polygonatum cyrtonema
Hua lectin; PISA, protein interfaces, surfaces and assemblies;
RVL, Remusatia vivipara lectin; ScaFet, fetuin-binding lectin from Scilla
campanulata; ScaMan, mannose-binding lectin from Scilla campanulata.

Accession numbers

Coordinates and structure factors for apo tarin and trimannoside-
bound tarin have been deposited in the Protein Data Bank, with
PDB IDs 5T1X and 5T20, respectively.

Supplementary data

Supplementary data for this article is available online at http://
glycob.oxfordjournals.org/.
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