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Summary

The crystal structures of jacalin complexed with Gal a-(1,4) Gal

and Gal a-(1,3) Gal b-(1,4) Gal have been determined with the

primary objective of exploring the effect of linkage on the loca-

tion of reducing and non-reducing sugars in the extended

binding site of the lectin, an issue which has not been studied

thoroughly. Contrary to the earlier surmise based on simple

steric considerations, the two structures demonstrate that a-

linked sugars can bind to jacalin with nonreducing sugar at

the primary binding site. This is made possible substantially

on account of the hitherto underestimated plasticity of a non-

polar region of the extended binding site. Modeling studies

involving conformational search and energy minimization,

along with available crystallographic and thermodynamic data,

indicate a strong preference for complexation with Gal b-(1,3)

Gal with the reducing Gal at the primary site, followed by that

with Gal a-(1,3) Gal, with the reducing or non-reducing Gal

located at the primary binding site. This observation is in con-

sonance with the facility of jacalin to bind mucin type O-

glycans containing T-antigen core. VC 2016 IUBMB Life,

00(0):000–000, 2016
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Introduction
b-prism I as a lectin fold was established in this laboratory
through the structure analysis of jacalin, one of the two lectins
from jackfruit seeds (1). Jacalin is specific to galactose at the
monosaccharide level and to Thomsen–Friedenreich antigen
(Gal b-(1,3) GalNAc) at the disaccharide level (2,3). This disac-
charide is of non-oncofetal origin and has been shown to have
a well documented link to malignancy (4) as it is expressed in
more than 85% of human carcinomas such as colon, breast,
bladder, buccal cavity, and prostate, as well as on poorly

differentiated cells (5–8). Therefore, proteins, which specifi-
cally bind to T-antigen, have potential diagnostic value. The
crystal structure of the jacalin-methyl a-galactopyranoside
complex suggested that a free amino terminus generated by
post translational proteolysis, in addition to a stacking interac-
tion involving aromatic residue is important in generating the
specificity of jacalin for galactose (1). Artocarpin, the second
lectin from jackfruit seeds, is also tetrameric with a b-prism I
fold (9,10). Each subunit of artocarpin is made up of a single
polypeptide chain without any proteolytic cleavage and is man-
nose specific. Structures of several galactose specific and man-
nose specific b-prism I fold lectins and their complexes are
now available (11–13). They have nearly the same tertiary
structures, but exhibit different modes of quaternary associa-
tion (14). Protein-sugar interactions at the primary binding
site are nearly the same in all the galactose specific b-prism I
fold lectins (1,15–22). The same is true about the interactions
at the primary site of the mannose specific b-prism I fold lec-
tins (9,10,23–25). However, in both the cases, specificities for
oligosaccharides differ among the concerned lectins on
account of differences in secondary interactions.

Crystal structures of jacalin with several of these bound
sugars have been determined and extensively studied
(1,16–19,22). The structure of the tetrameric molecule with
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222 symmetry is the same in all the relevant crystals. Each
subunit consists of a long a-chain and a short b-chain pro-
duced by post translational proteolysis of a single chain pre-
cursor. The two chains, however, form an integral part of the
prismatic subunit, with three Greek keys arranged around an
approximate threefold axis. One of the Greek keys has a break
on account of the proteolysis. In spite of its approximate three-
fold symmetry, each subunit carries only one sugar binding
site, which has been characterized thoroughly by the X-ray
analysis of several jacalin-carbohydrate complexes (Fig. 1a).
Structures of these complexes led to an understanding of the
finer details of the interactions of jacalin with different sugars
including the T-antigen. However, the nuances of jacalin-
carbohydrate interactions remained underexplored in relation
to two specific issues. On the basis of the crystal structures of
the complexes of jacalin with a-galactosides, it was suggested
that the lower affinity of b-galactosides for jacalin is caused by
the steric clashes of the b-substituents with the protein
(18,19). The difference between the binding of a- and b- galac-
tosides with jacalin was crystallographically explored only
recently (22). It turns out that the interactions of an a-
galactoside and the corresponding b-galactoside with the lectin
remain the same. This is achieved through a distortion of the
sugar ring in b-galactosides. Thus, it is not the interaction, but
distortion of the molecular geometry that leads to the lower
affinity of b-galactosides. This result established distortion of
the ligand as a strategy for modulating specificity.

The second underexplored issue was concerned with the
influence of glycosidic linkage on the nature of the carbohy-
drate binding to jacalin. This issue was satisfactorily
addressed in the case of mannose/glucose-specific b-prism I
fold lectins primarily through crystallographic and modeling
studies on appropriate sugar complexes of banana lectin (25).
In banana lectin, disaccharides with a-(1,3) linkage prefer to
have the nonreducing end at the primary binding site, whereas
the reducing end is preferred at the site where the linkage is
b-(1,3). Most of the jacalin-disaccharide complexes X-ray ana-
lyzed so far have b-(1,3) linkage in the sugar and the reducing
end occupies the primary binding site in them (17,18). Melli-
biose (Gal a-(1,6) Glc) is the only disaccharide for which an a-
linked disaccharide complex of jacalin is available (18). The
nonreducing end occupies the primary binding site in this
complex. The a-(1,6) linkage is highly flexible and it was sur-
mised that it is this flexibility that allows mellibiose to bind to
jacalin with the nonreducing end at the primary site. It was
also surmised that jacalin cannot bind to a-(1,3) linked disac-
charides with the nonreducing end at the binding site on
account of steric clashes of the second residue with part of the
extended binding site (18). This surmise is yet to be experi-
mentally explored. This work, aimed at exploring this issue
and at gaining further information on jacalin-sugar interac-
tions, involves the crystallographic analysis of the complexes
of jacalin with an a-(1,4) linked disaccharide and a trisaccha-
ride with a-(1,3) linkage. Furthermore, complementary confor-
mational computations were also carried out. These

computations, along with available crystallographic and ther-
modynamic data, provide additional insights on the influence
of glycosidic linkage on the nature of the binding of disacchar-
ides to jacalin.

Material and Methods

Purification of Jacalin
Jacalin was extracted from the jackfruit seeds by passing the
crude seed extract through a galactose cross linked guar gum
column by affinity purification and eluting it with galactose in
phosphate buffer saline (26). The purified protein was further
dialyzed against 20 mM phosphate buffer (pH 5 7.3) containing
150 mM NaCl and 0.025% sodium azide to remove all the
galactose bound to the protein. Hemagglutination

(a) Subunit structure of jacalin bound to Gal b-(1,3)

GalNAc-a-OMe. a- and b-chains are indicated in dif-

ferent colors. Individual Greek keys are labeled as I,

II, and III. The carbohydrate binding site with the

bound sugar is also shown. (b) A detailed view of

the sugar-binding site of jacalin in complex with Gal

b-(1,3) GalNAc-a-OMe. Invariant water molecules

involved in water bridges are shown as spheres.

Location of the primary and secondary binding sites

A and B are indicated.

FIG 1
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measurements were also carried out after every batch of puri-
fication to ascertain the activity of the purified batch. Protein
concentrations were checked using spectrophotometry.

Crystallization
Native crystals of jacalin were grown in a condition similar to
that used in the crystallization mentioned earlier (16). Vapor
diffusion technique was employed at 25 8C by equilibrating a 4
lL drop of 12 mg/mL protein in 10 mM HEPES buffer (pH 7.4)
containing 150 mM NaCl, mixed with 4 lL of the reservoir
solution containing 15% poly(ethylene glycol) 8000, 10% (v/v)
isopropanol and 100 mM HEPES (pH 7.4). Crystals of approxi-
mate dimensions 0.1 3 0.05 3 0.05 mm3 grew in about 4
weeks. Since co-crystallization attempts were not successful,
soaking experiments were conducted to obtain the jacalin-
ligand crystal complexes. The Gal a-(1,4) Gal and Gal a-(1,3)
Gal b-(1,4) Gal sugars were purchased from Sigma Aldrich and
Dextra, respectively. Typically, 30 times molar excess of the
ligand in the mother liquor was used for soaking. The soaking
time was 48 h in both the cases.

Data Collection and Processing
Data from the complexes were collected at home source using
a MAR345 image plate detector mounted on a Bruker Micro-
Star rotating anode X-ray generator at 100 K using 25% ethyl-
ene glycol as the cryoprotectant. The intensity data were proc-
essed and merged using iMosflm (27) and scaled with SCALA
(28) in the CCP4 program suite (29). The intensity data were
converted into structure-factor amplitudes using TRUNCATE
(30) in the CCP4 suite. The data collection statistics along with
the cell parameters are given in Table 1.

Structure Refinement and Validation
The structures were refined using REFMAC (31) in CCP4 and
model building was carried out using Coot v0.7.1 (32) with the
coordinates provided in PDB for native jacalin (PDB Code:
1KU8) (16) as the starting model. Addition of sugar ligands
and water O atoms was commenced using PRODRG (33) when
the R and Rfree were close to 18 and 23% respectively. The
water O atoms were located based on peaks with heights
>1.0r in 2Fo 2 Fc and 3r in Fo 2 Fc maps. The possibility of
alternate ligand conformations were also evaluated before
finalizing on the ligand fitting. The refined models were vali-
dated using PROCHECK (34) and the MOLPROBITY (35) web
server. Refinement statistics are also summarized in Table 1.
The refinement of the ligand structure was validated by calcu-
lating the electron density using simulated annealing omit
maps generated by Crystallography and NMR System (CNS;
(36)) contoured at 3r.

PDB References
Jacalin in complex with Gal a-(1,4) Gal, 5J51 and in complex
with Gal a-(1,3) Gal b-(1,4) Gal, 5JM1.

Analysis of Structures
Structure alignments were carried out using ALIGN (37). All
pictorial illustrations were generated using PyMOL (38).

Data collection and refinement statistics for the

jacalin-ligand complexes

Complex: PBD Code

Gal a-(1,4)

Gal: 5J51

Gal a-(1,3)

Gal b-(1,4)

Gal: 5JM1

Unit cell dimensions

a (Å) 58.6 58.5

b (Å) 81.1 81.6

c (Å) 63.3 63.0

a 5 Ç (degrees) 90 90

b (degrees) 108.1 107.7

Resolution (Highest shell) 35.71–1.67

(1.76–1.67)

46.01–1.95

(2.06–1.95)

No. of observations 225,458 139,602

No. of unique reflections 63,612 38,922

Completeness (%) 96.9 (93.7) 94.8 (91.0)

<I/r (I)> 10.9 (2.0) 8.2 (3.7)

CC1/2 0.667 0.366

Rmerge (%)a 8.3 (63.9) 13.2 (33.7)

Multiplicity 3.5 (3.4) 3.6 (3.3)

R-factor (%) 16.4 (27.4) 18.2 (25.9)

Rfree (%)b 21.3 (31.9) 23.7 (31.3)

No. of atoms

Proteins 4564 4544

Ligands 189 94

Water O atoms 466 403

Rms dev. from ideal values

Bond lengths (Å) 0.020 0.018

Bond angles (degrees) 1.992 1.897

Chiral volume 0.153 0.115

Average B factors (Å2)

Overall 16.9 13.2

Protein 14.9 12.1

Ligands 32.7 32.6

Water O atoms 30.3 20.6

Ramachandran plot

Core region (%) 89.6 90.0

Additionally allowed region (%) 10.2 9.5

Generously allowed region (%) 0.2 0.4

Disallowed region (%) 0 0

The crystals belong to space group P21 and contain a crystallographically inde-

pendent tetramer.
a
Rmerge 5

P
hkl

P
i |Ii (hkl)-<I (hkl)> |/

P
hkl

P
i Ii (hkl), where Ii (hkl) is the ith inten-

sity measurement of a reflection, <I (hkl)> is the average intensity value of that

reflection and the summation is over all measurements.
b
10% of the reflections were used for the Rfree calculations.

TABLE 1

Abhinav et al. 3



Software used for analyzing structures includes Swiss PDB
viewer (39), Mercury (40), UCSF Chimera (41), and Privateer
(42).

Molecular Modeling and Energy Calculations
A locally written script embedded in UCSF CHIMERA (41) was
used for generating sterically acceptable different conformers
of the free disaccharides. Models of the complexes were gener-
ated substantially on the basis of crystallographic information,
as described in Results and Discussion. An automated version
of ACPYPE (AnteChamber PYthon Parser interfacE) (43) run-
ning ANTECHAMBER (44) was employed to generate carbohy-
drate topologies compatible with GROMACS v3.3.1 (45). Incon-
sistencies of these topology files when compared to the
standard files obtained from GLYCAM06 (46) were examined
and corrected. The inconsistencies pertained to torsion angles,
partial atomic charges, and atom name conventions. The sim-
ulation box was generated using the editconf module of GRO-
MACS with the criterion that the minimum distance between
the solute and edge of the box was at least 7.5 Å. The protein
models were solvated with TIP4P water model using program
genbox available in the GROMACS suite. Sodium or chloride
ions were added to neutralize the overall charge of the system.
The energy minimization of the complexes was then per-
formed using GROMACS v3.3.1 (45) running on parallel pro-
cessors with the OPLS-AA/L force field (47) using 200 cycles of
steepest descent. The potential energy values converged within
200 cycles in every case. The lectin-sugar binding energy in
these models was calculated subsequently by using the python
script write_component_energies.py implemented under MGL
Tools 4.6 (48) implementing Autodock 4.1 (49). To ensure that
there is no change in pose of the sugar bound to the jacalin,
the energy values obtained from this script was used in the
analysis without implementing a conventional docking routine.

Results and Discussion

Overall Features
Each site of jacalin is made up of loops 46–52 (from Greek
key I), 76–82 (Greek key II), and 122–125 (Greek key III) and
the N terminus of the a-chain. The extended binding site of
jacalin comprising of the secondary binding site A, the primary
site and secondary binding site B forms a contiguous patch for
the sugars to bind. The extended binding site and protein-
carbohydrate interactions in a typical jacalin-sugar complex
(18) are illustrated in Fig. 1b. The primary binding site is
made up of the side chains of Phe 47, Tyr 78, and Asp 125,
the backbone nitrogen and oxygen atoms of Tyr 122 and Trp
123 and the free amino group of Gly 1 of the a-chain. Among
these, Tyr 78 stacks against the galactose ring of the ligand.
The aromatic side chains of Tyr 78, Tyr 122, and Trp 123 con-
stitute the secondary binding site A, which is wholly hydropho-
bic. The ligand is involved only in water mediated interactions
with the secondary site B composed of the main chain nitrogen

and oxygen atoms of Val 79, Ser 119 OG, and the carboxyl ter-
minal region of the b-chain.

The sugar complexes of jacalin reported here were pre-
pared by soaking native crystals of jacalin in solutions contain-
ing Gal a-(1,4) Gal (I) and Gal a-(1,3) Gal b-(1,4) Gal (II). The
crystal structures of the complexes were determined at medi-
um to high resolutions (Table 1). The accessibility of the four
binding sites in the crystal structure exhibits differences. Fur-
thermore, possibilities of additional protein-sugar interactions
involving symmetry related molecules exist at some sites (22).
Consequently, all the sites are not occupied by the same ligand
in all the cases. Subunit C is fully occupied by both the sugars.
Therefore, subunit C forms the basis for the discussing the
sugar binding. The difference densities in the simulated
annealing omit maps contoured at 3r for bound sugars are
shown in Fig. 2.

Location and Interactions of the Sugar Molecules
An interesting aspect of lectin-sugar interactions in the a- and
b-linked disaccharide bound jacalin complexes is the location
of the reducing and nonreducing sugars in them at different
regions of the extended binding site. In all the complexes
involving b-(1,3) linked disaccharides, the primary binding site
is always occupied by the reducing sugar (17,18) with the non-
reducing sugar occupying the secondary binding site B (Fig.
1b). Also, the substituents at the anomeric oxygen of the
reducing sugar, a methyl group in most cases, point toward
and interacts with the hydrophobic secondary site A.

Electron densities in simulated annealing omit maps

contoured at 3r for (I) Gal a-(1,4) Gal and (II) Gal a-

(1,3) Gal b-(1,4) Gal in the respective complexes.

FIG 2
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Interactions of the methyl group with the subsite have been
discussed earlier (1,18). In I, the disaccharide has an a-(1,4)
linkage. In the only trisaccharide (II) which has been studied
in complex with jacalin, the first and the second sugars are
connected through an a-(1,3) linkage. The nonreducing sugar
is located at the primary binding site in both the complexes
(Fig. 3) while secondary binding site B remains unoccupied. In
addition, the second sugar residue is located at secondary
binding site A in both the complexes. In the trisaccharide com-
plex, the third sugar residue points into the solution. This resi-
due has a half boat conformation (42,50) unlike all other sugar
residues in the structures, which have the expected chair con-
formation (42). The location of a-linked sugars in the two com-
plexes and the side chains of aromatic amino acids in second-
ary site A are similar to those in mellibiose (Gal a-(1,6) Glc).
Furthermore, the reducing galactose in Gal a-(1,3) Gal b-(1,4)
Gal is anchored on secondary site A by forming a stacking
interaction with Tyr 122. A stacking interaction is defined by
the distance between the center of the two rings (N in Å) and
the angle between the two planar groups (h in degrees). The
values of N and h in this case are 4.1 Å and 168, respectively.

Secondary site A presents an interesting picture in terms
of its plasticity and in relation to its effect on the geometry of
the ligand. As noted earlier, the side chains of Tyr 78 and Tyr
122, particularly that of Tyr 78, assumes different conforma-
tions in the four subunits of the native structure, indicating
their intrinsic flexibility (16,22). The flexibility is substantially
reduced when ligands with substituents pointing to these sites
bind to jacalin. However, the residual plasticity of the side
chains is used to accommodate different kinds of substituents.

The extent of the flexibility is also evident in the movement of
Tyr 78 OH group in addition to the variability in the side chain
conformation angles of the aromatic residue. The oxygen atom
moves by 1.3 Å in the mellibiose complex with respect to its
structure in the galactose complex (18). The corresponding
movements in the Gal a-(1,3) Gal b-(1,4) Gal and Gal a-(1,4)
Gal complexes are 1.7 and 2.2 Å, respectively. The steric resis-
tance offered by the amino acids at secondary site A also leads
to the distortion of the ligand, where needed. Thus, it would
appear that the plasticity of secondary site A and the distortion
of the ligand molecule are responsible for relieving the unfa-
vorable steric clashes.

Complexes of jacalin with b-linked disaccharides involved
the identification of a route to the binding site through the sec-
ondary site B (Fig. 4). The complexes with a-linked sugars
reported here, particularly that with the trisaccharide, delin-
eated a route through the secondary site A. Thus, the two sets
of complexes, between them, indicate how oligosaccharides
with b- and a- linkages in the terminal residues can enter the
binding site of jacalin (Fig. 4).

Modeling and Energetic Studies
Structural studies described above showed the earlier surmise
that jacalin cannot bind to a-(1,3) linked disaccharides with
the nonreducing end at the primary binding site, to be incor-
rect. Indeed, the effect of the glycosidic linkage on the nature
of sugar binding to jacalin has to be systematically explored.
Therefore, such an exploration using modeling on the basis of
crystallographic results was undertaken. The protein compo-
nent of a subunit of the jacalin-methyl T-antigen complex (18)
in which the primary binding site as well as the two secondary

Location of the bound Gal a-(1,4) Gal (red) and Gal a-

(1,3) Gal b-(1,4) Gal (blue) in the respective com-

plexes. The bound waters are shown as spheres.

Locations of a typical b-linked sugar Gal b-(1,3)

GalNAc-a-OMe (red) and a-linked Gal a-(1,3) Gal b-

(1,4) Gal (blue) in the extended binding site of jacalin

shown in van der Waals representation (gray). Only

conserved intrasubunit waters contributing to the

ligand binding have been shown as spheres for

clarity.

FIG 3

FIG 4
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binding sites are occupied, was used in the modeling. Initial
models of Gal a-(1,3) Gal, Gal b-(1,3) Gal, Gal a-(1,4) Gal, and
Gal b-(1,4) Gal were constructed using standard bond lengths
and angles. Each disaccharide model was then positioned on
to the jacalin molecule using the known jacalin-galactose
interactions in two ways, one with the reducing Gal at the pri-
mary binding site and the other with the nonreducing Gal at
the primary binding site. The resulting locations of the two
sugars in the eight models are indicated in Table 2.

The natural orientation of the two sugar residues in the
disaccharide is defined by the two glycosidic linkage torsion
angles u [O5-C1-O1-C30, where the linkage is (1,3) or O5-C1-
O1-C40, where the linkage is (1,4)] and w (C1-O1-C30-C40 or C1-
O1-C40-C50). The orientation of the alcoholic group in each res-
idue is defined by the torsional angle x (O6-C6-C5-O5 and O60-
C60-C50-O50). Of the two x angles, the one in the residue at pri-
mary binding site is fixed through hydrogen bonded interac-
tions and hence is not variable. Thus, the conformations of the
disaccharide in the complex is determined by the three torsion
angles u, w, and x of the sugar at the secondary site. To start
with, u and w were rotated at 308 intervals leading to 144 con-
formations in each case. x has preferred values of 2608, 1808,
and 1608. For each combination of u and w angles, three con-
formers corresponding to the three preferred values of x were
generated. Thus, 432 independent conformations were gener-
ated for the free saccharide in each case. Of these, those con-
taining intermolecular or intramolecular contact distances
<2.2 Å were rejected as sterically unacceptable. Complexes
involving the remaining models were energy minimized using
the procedures described in Material and Methods. The energy
minimized models were again carefully examined for short
contacts and those containing contact distances <2.5 Å were
rejected. The remaining ones were accepted as possible mod-
els. The numbers of such models for each of the eight

complexes are given in Table 2 along with the range of inter-
action energies in them. The distribution of u, w angles in the
acceptable models is illustrated in Fig. 5. As expected, the val-
ues of u and w of the b-linked as well as the a-linked disac-
charides observed in the crystal structures are among the pos-
sible conformations indicated by the calculations.

Results of the modeling studies need to be treated with
caution. This is particularly true about the energies that result
from the calculations. However, the results obtained above
provide important insights into the effect of the nature of the
linkage on the orientation of the sugar ligand with respect to
the primary binding site of the lectin. They indicate that the
binding site is capable of accommodating, with varying
degrees of facility, different linkages with reducing or nonre-
ducing sugar at the primary binding site, although the nature
of interactions at the primary and secondary binding sites
remains substantially unaltered. The totally disallowed
arrangements are that of Gal a-(1,4) Gal and Gal b-(1,4) Gal
with reducing Gal at the primary binding site. In both the
cases, the nonreducing Gal severely clashes with the residues
at the primary site and secondary site B. For both the sugars,
an arrangement with the nonreducing Gal at the primary site
is acceptable, though not favored as evidenced by the smaller
number of sterically allowed conformations that these sugars
can assume when binding to jacalin. (1,3)-linked galactobio-
sides can bind to jacalin irrespective of the anomeric nature of
the linkage. They can bind with the reducing or the nonreduc-
ing sugar at the primary binding site. However, numbers and
energy ranges indicate that the arrangement with the reducing
Gal at the primary site is preferred only when the linkage is b.
It would thus appear that jacalin is meant predominantly for
(1,3)-linked galactobioses with the reducing sugar at the pri-
mary site. Even among them, that with the b-linkage is
preferred.

Location of residues in the galactobioside ligands in the modeled complexes

S. No.

Disaccharide

type

Primary

binding site

Secondary

site A

Secondary

site B

No. of allowed

conformers

Energy range

(kJ/mol)

(a) Gal a-(1,3) Gal Nonreducing Gal Reducing Gal – 21 227.0 to 222.7

(b) Gal a-(1,3) Gal Reducing Gal – Nonreducing Gal 79 227.8 to 218.3

(c) Gal b-(1,3) Gal Reducing Gal – Non-reducing Gal 108 226.6 to 217.8

(d) Gal b-(1,3) Gal Nonreducing Gal Reducing Gal – 12 226.1 to 222.6

(e) Gal a-(1,4) Gal Nonreducing Gal Reducing Gal – 10 227.0 to 222.8

(f) Gal a-(1,4) Gal Reducing Gal – Nonreducing Gal 0 –

(g) Gal b-(1,4) Gal Reducing Gal – Nonreducing Gal 0 –

(h) Gal b-(1,4) Gal Nonreducing Gal Reducing Gal – 5 226.8 to 224.8

The number of allowed conformers in each case and the range of interaction energies in them are also given.

TABLE 2
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The above observations are in consonance with the avail-
able results of thermodynamic and crystallographic studies.
Disaccharides involving Gal and GalNAc exhibit maximum
affinity to jacalin where the linkage is b-(1,3) and when there
is no b-substitution at the second sugar residue (18). In all the
crystal structures of jacalin involving such b-(1,3) linked

disaccharides, the reducing sugar occupies the primary bind-
ing site (17,18). Modeling indicates that the largest number of
conformations for the disaccharide is allowed where the link-
age is b-(1,3) and the reducing sugar is at the primary site
(Table 2). A location with the nonreducing sugar at the site is
also allowed for the b-(1,3) linked disaccharides but the one

Distribution of u, w angles in the acceptable models belonging to the eight complexes involving both (1,3)- and (1,4)-linked gal-

actosbiosides as given in Table 2. The same serial number of the combination as given in Table 2 has been used in the figure

for clarity. The conformations are energetically ranked at different contour levels, D(DGbind)<2 as stars, D(DGbind)<3 as trian-

gles, D(DGbind)<4 as squares and D(DGbind) between 4 and 8 as circles.

FIG 5
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with the reducing sugar is decisively favored. Modeling also
suggests that a-(1,3) galactobiose can also bind jacalin, though
not as well as the b-(1,3) counterpart can. This is in agreement
with the thermodynamic measurements done earlier (51).
However, the choice of reducing or nonreducing sugar occupy-
ing the primary binding site is somewhat ambiguous in terms
of the energies and possible number of conformations in the a-
(1,3) linked galactobiose. Thermodynamic measurements indi-
cates a good binding for the Gal a-(1,3) Gal disaccharide (51)
but cannot obviously distinguish between the two modes of
binding in terms of the location of the reducing or non-
reducing sugar at the binding site. One of the jacalin com-
plexes reported here is an a-(1,3) linked trisaccharide (Gal a-
(1,3) Gal b-(1,4) Gal) bound to the lectin. The trisaccharide
binds to jacalin with non-reducing sugar at the primary bind-
ing site. The choice is presumably influenced by the presence
of the additional b-substituted sugar. Gal a-(1,4) Gal binds to
jacalin, but with much less affinity than disaccharides with b-
(1,3) and a-(1,3) disaccharides (51). Modeling suggests that Gal
a-(1,4) Gal can bind to jacalin only with the nonreducing sugar
in the primary site. That is what is indeed observed in the
crystal structure of the jacalin complex of Gal a-(1,4) Gal
reported here. Gal b-(1,4) Gal does not show detectable bind-
ing to jacalin (unpublished results), a result again in conso-
nance with that obtained from modeling.

We had demonstrated earlier that four of the five mucin
type O-glycans (which contain the T-antigen core) with this
preferred b-(1,3) linkage with the reducing sugar at the prima-
ry binding site can bind to jacalin (18). However, attempts to
dock the disialyated hexasaccharide NeuNAc a-(2,3) Gal b-(1,3)
(NeuNAc a-(2,3) Gal b-(1,4) GlcNAc b-(1,6)) GalNAc, in a simi-
lar manner to jacalin resulted in severe steric clashes. The
hexasaccharide can be now docked without serious clashes
with the nonreducing Gal at the primary binding site. Howev-
er, the binding of Gal b-(1,3) Gal with nonreducing Gal at the
primary binding site is energetically less favorable than that of
the same disaccharide with the reducing Gal at the primary
binding site (Table 2). That explains the apparent inability of
the O-mucin with the hexasaccharide core to bind to jacalin
(52,53).

Conclusions
Crystal structures of the two a-linked sugars provide new
insights into the interactions of carbohydrates with the lectin.
In the complex with Gal a-(1,4) Gal, the nonreducing sugar
occupies the primary binding site and the reducing sugar
occupies secondary site A. In the complex involving the trisac-
charide Gal a-(1,3) Gal b-(1,4) Gal, the nonreducing sugar is
located at the primary binding site and the middle residue in
secondary site A. This is not in consonance with the earlier
surmise that the nonreducing sugar cannot occupy the prima-
ry site in a-(1,3) linked galactobiosides that interact with jaca-
lin. Analysis of the two structures reported here indicate that
the reason for accommodating the a-(1,3) and a-(1,4) linked

galactobiosides with nonreducing sugar located at the jacalin
primary binding site is on account of the inherent flexibility of
the carbohydrate binding site with special reference to Tyr78.

The available crystallographic and thermodynamic data on
jacalin-sugar interactions are in consonance with the results
of modeling studies involving conformational search and ener-
gy minimization, carried out with the complexes involving Gal
a-(1,3) Gal, Gal b-(1,3) Gal, Gal a-(1,4) Gal, and Gal b-(1,4) Gal.
The combined results indicate a strong preference for Gal b-
(1,3) Gal for complex formation with the reducing Gal at the
primary binding site followed by that for Gal a-(1,3) Gal, with
the reducing or the nonreducing Gal at the primary binding
site. Gal b-(1,3) Gal with the nonreducing sugar at the primary
site can probably bind weakly. (1–4) Linked disaccharides can
also probably bind to jacalin very weakly with nonreducing
sugar at the primary binding site. Such disaccharides cannot
bind to the lectin at all with the reducing Gal at the primary
site. Indeed, the strong preference of jacalin for Gal b-(1,3) Gal
with the reducing Gal in the primary binding site explains the
facility of jacalin to bind to mucin type O-glycans containing
the T-antigen core.
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