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Galectin-4 is a tandem-repeat galectin with two distinct carbohydrate recognition domains (CRD).
Galectin-4 is expressed mainly in the alimentary tract and is proposed to function as a lipid raft and
adherens junction stabilizer by its glycan cross-linking capacity. Galectin-4 plays divergent roles
in cancer and inflammatory conditions, either promoting or inhibiting each disease progression,
depending on the specific pathological condition. The study of galectin-4s ligand-binding profile
may help decipher its roles under specific conditions. Here we present the X-ray structures of human
galectin-4 N-terminal CRD (galectin-4N) bound to different saccharide ligands. Galectin-4's overall fold
and its core interactions to lactose are similar to other galectin CRDs. Galectin-4N recognises the sulfate
cap of 3’-sulfated glycans by a weak interaction through Arg45 and two water-mediated hydrogen
bonds via Trp84 and Asn49. When galectin-4N interacts with the H-antigen mimic, 2’-fucosyllactose,
an interaction is formed between the ring oxygen of fucose and Arg45. The extended binding site of
. galectin-4N may not be well suited to the A/B-antigen determinants, a.-GalNAc/a-Gal, specifically due
. to clashes with residue Phe47. Overall, galectin-4N favours sulfated glycans whilst galectin-4C prefers
blood group determinants. However, the two CRDs of galectin-4 can, to a less extent, recognise each
other’s ligands.

Galectins are a family of soluble 3-galactoside-specific lectins with high sequence similarity within their carbohy-
drate binding sites. The 15 known mammalian galectins can be classified into three distinct types according to the
organisation of their carbohydrate recognition domains (CRDs): proto, chimera and tandem-repeat. Proto type
galectins form homo-dimers through their single soluble CRD that comprises approximately 130 amino acids.
The only member of the chimera type, galectin-3, has an N-terminal short peptide motif, a flexible collagen-like
Gly/Pro/Tyr-rich domain, which induces self-oligomerization!, and a CRD at its C-terminus. The tandem-repeat
galectins, of which galectin-4 is a member, contain two distinct CRDs at their N- and C-termini, connected by
a variable-length linker region that is susceptible to proteolytic degradation?. The two CRDs of a tandem-repeat
galectin are sufficiently different from one another that they can exhibit distinct binding preferences. Interest in
galectins increased substantially since their discovery® due to the variety of roles that they play in a number of
disease states, including cancer®-S, heart disease’, inflammation®® and infection'.
Galectin-4 is found mostly in the gastrointestinal tract* and its roles in the stabilisation of lipid rafts
- as well as the delivery and recruitment of glycoproteins to the lipid rafts'¢~!° at the apical brush border mem-
© brane of enterocytes have been well documented. The protein is able to cross-link combinations of sulfated
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glycosphingolipids, sulfated cholesterol, N- and O-glycosylated proteins and blood group antigens by its two
domains to stabilise the lipid raft and its contents'®!%20-22_ Galectin-4 has also been found to localise at the adhe-
rens junction of porcine oral epithelium, possibly acting as a stabiliser through its cross-linking capacity?. In
addition to the gastrointestinal tract, galectin-4 is found in neuronal cells, acting as a regulator of myelination
through the inhibition of oligodendrocyte maturation, which is possibly mediated through interactions with sul-
fatides as well as glycosylated axonal membrane L1476, In congruence with binding specificity studies indicating
that galectin-4 does not recognise sialic acid!®?*?7, galectin-4 does not interact with the GM1 gangliosides on
human neuroblastoma cells and does not influence the proliferation and function of these cells?®.

The involvement of galectin-4 in the inflammatory condition colitis is not well understood®. Earlier studies
reported that galectin-4 exacerbates the condition and delays recovery from acute colitis®. However, a later study
reported that galectin-4 had the capacity to reduce mucosal inflammation and induce T-cell apoptosis in a colitis
model’'. The opposing results could be reconciled by the finding that galectin-4 induced different effects on dif-
ferent model systems®. Galectin-4 expression is also correlated with inverted papillomas, along with galectin-3,
-7 and -9%*. The role that galectin-4 plays in malignant-tumor progression and metastasis is dependent on the
specific type of cancer. Galectin-4 expression in liver and lung cancer leads to increased metastasis and can-
cer progression®**. In contrast, its expression in colon and pancreatic cancers leads to a decrease in metastasis
and cancer progression®*-; whilst expression in tongue cancer did not correlate with the disease progression*'.
Although further investigations of lesser-studied galectins, such as galectin-4, are ongoing, the therapeutic poten-
tial of galectin-1 and galectin-3 inhibitors have been well demonstrated*~*°. Due to the complexity of the roles
that galectins play in different stages of cancer progression, galectin-targeted treatments should be sufficiently
specific to avoid neutralising the positive effects of those galectins, such as galectin-4, that have the ability to
reduce cancer metastasis and progression.

The oligosaccharide-specificities of galectins may explain some of the observed differences in function
among them. For example, galectin-3 and galectin-4 were localized at distinct parts of the T84 colon cancer cell
membrane*. This recognition of different cell surface receptors indicates that the differing saccharide specifi-
cities of galectin-3 and galectin-4 might induce the pro- and anti-cancer roles of these galectins, respectively*.
Characterisation of glycosylation patterns of specific cells and the binding specificities of galectins may lead to
reasonable conclusions concerning the effect of galectin expression on the cell. Galectin-4 recognises saccharides
with a sulfate cap at the non-reducing-end?**”#”. The ability of galectin-4 to recognise sulfatides allows its trans-
location and function in neuronal cells?>?. Lipid rafts in the brush border membrane of enterocytes are enriched
in sulfoglycosphingolipids, through which galectin-4 is able to stabilise the complex!®?!. Galectin-4 expression
in the gastrointestinal tract along with its ability to recognise the SO;-Gal motif suggests that the lectin acts as
a defense mechanism against infections by bacteria such as H. pylori, which specifically recognises 3’-sulfated
galactose and has the ability to desulfate other sulfated saccharide motifs'®*2744° Both the N- and C-terminal
CRDs of galectin-4 (galectin-4N and galectin-4C) can recognise sulfated saccharides?, though galectin-4N is
more specific due to the presence of a non-conserved Arg45 residue that interacts with the sulfate moiety®.
Structural characterization of galectin-4C bound to 3’-sulfated lactose (3'SuL) showed that a transient interaction
between the sulfate group and the conserved Trp256 residue may help stabilise the complex, but no other direct
interaction between the protein and the sulfate moiety was observed®’.

The function of galectin-4 as a defence mechanism is further substantiated by the ability of galectin-4 to induce
immunological response®**! as well as the ability of galectin-4C to kill E. coli that express human blood group anti-
gens*. Full-length human galectin-4 recognises blood group saccharides?”*’ and galectin-4C recognises blood
group A- and B- antigens more strongly than galectin-4N does, with the latter showing only marginal enhance-
ment in affinity due to the presence of the non-reducing-end Gal/GalNAc*”>2. Mutational analysis revealed that
a non-conserved Phe47 residue of galectin-4N may be responsible for its inability to recognise A- and B-blood
group antigens, specifically due to its bulky nature as the mutation Phe47Ala (making it then equivalent to that
of galectin-4C) imbued high affinity towards A-tetrasaccharide while the Phe47Gln mutant failed to do so*%. The
equivalent of human galectin-4N Phe47 is found as His47 in mouse and rat galectin-4N. This change enhances
the affinity of mouse galectin-4N towards B-antigen, possibly mediating interactions through the histidine whilst
the larger N-acetyl group of the A-antigen may find that this amino acid is still too bulky and clash®. Similarly,
rat galectin-4N gains only marginal affinity towards A- and B- linear trisaccharides compared to the lactose
disaccharide®. The H-antigen with galactose 2’-fucosylation is recognised by both rat and mouse galectin-4N>*4,
suggesting a binding motif where the H-antigen trisaccharide is recognised but the non-reducing-end
a-linked Gal/GalNAc of B-/A-antigens are only tolerated, possibly imparting marginal enhancement in
binding affinity. In contrast to the increased affinity of galectin-4C toward H-antigen, our structural anal-
ysis of galectin-4C with 2’ -fucosyllactose showed that the fucose residue did not interact with galectin-4C,
while molecular dynamics simulations suggested that the non-reducing-end a1-3-linked GalNAc/Gal
residues of A- and B-antigens interact with galectin-4C, increasing binding affinity*°.

The N- and C-terminal CRDs of human galectin-4 bear resemblance to the human galectin-8 N- and
C-terminal CRDs, respectively, in their ability to recognise sulfated saccharides by the N-terminal CRDs? and
the ability to bind blood group saccharides by the C-terminal CRDs?. In fact, both galectin-4C and galectin-8C
are necessary and sufficient to kill bacteria expressing blood group antigens*’. One distinct difference between
galectin-4N and galectin-8N is the inability of galectin-4N to recognise sialylated glycans, while galectin-8N
specifically recognises sialic acid via its non-conserved Arg59 residue, which galectin-4N lacks®%. Mutation of the
bulky Phe47 residue of galectin-4N to Gln, as found in galectin-8N at the equivalent position slightly increased
the affinity of galectin-4N toward 3’-sialyllactose, but the binding affinity was still 4-fold lower than that of lac-
tose®. The intense work regarding the structural characterisation of galectin-8 has been integral to the under-
standing of its ligand recognition and biological function.
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Unlike galectin-8, structural characterisation of galectin-4 has been limited, where the X-ray crystal structures
of galectin-4C with its ligands have been only recently published®. Structural characterisation of galectin-4N
has thus far been limited to two X-ray crystal structures of mouse galectin-4N (PDB ID: 3I8T, 2DYC
(Kato-Murayama et al., unpublished)) and a crystallisation communication of His-tagged human galectin-4N
without structure coordinates®. Here we report the first X-ray structures of human galectin-4N to shed light on
its ability to recognise sulfated saccharides and its ability to recognise the fucose residue of H-antigen. The crystal
structure exhibits different unit cell parameters and is crystallised under different conditions compared to those
reported by Zimbardi ef al. in their preliminary crystallisation report®®. Our elucidation of the structure of human
galectin-4N and ligands provides the basis for further ligand interaction studies and structure-based drug design
as well as giving insight into the molecular basis of galectin-4 recognition of its ligands.

Results and Discussion

Overall structure of galectin-4N.  To investigate the interaction between human galectin-4N and its natu-
ral saccharide ligands, we have determined the crystal structures of human galectin-4N in complex with glycerol
(the cryoprotectant), lactose, lactose-3’-sulfate (3'SuL), and 2’-fucosyllactose (2'FL) at 1.70-2.00 A resolution
(Table 1). The crystals belong to space group P2, contain 4 monomers in the asymmetric unit and represents a
different crystallographic system than for the mouse galectin-4N structures and also that described within the
preliminary crystallisation report of the His-tagged human galectin-4N crystal®>®¢. The electron density defines
amino acids 14-153 (protein construct being 1-154), the flexibility of the N-terminal residues and the C-terminal
linker portion may explain the lack of electron density for these residues. The saccharide ligands studied herein
are not significantly influenced by crystallographic contacts, though any influences on the binding site are
described in detail in analysing each complex.

Crystal packing of the monomers within the asymmetric unit is different from that of the cation-mediated
tetramer observed in the mouse galectin-4N structure®. However, due to the presence of calcium acetate in the
crystallisation condition of the galectin-4N-lactose complex, the four galectin-4N monomers each contained
a bound Ca*" ion, coordinated by the backbone carbonyls of Phe68 and Gly70, the carboxylate of Asp72 and
3 water molecules (Fig. 1A). The orientations of the residues involved in the coordination of the Ca*" ion are
conserved in the other galectin-4N complex structures and harbour a globular density indicative of an atom/
ion with fewer electrons. As the protein preparation and the crystallisation procedure of crystals other than the
galectin-4N-lactose complex did not use Ca*"-containing buffers and since the electron density at these positions
is weaker than expected for a Ca?" ion, the possible occupants of these positions were narrowed to be water mol-
ecules or potentially a Na™ ions in these structures. Unlike the galectin-4N-lactose complex structure, where the
Ca?" ions were coordinated by 3 water molecules in addition to the protein residues, the majority of these sites
lacked the 6-coordination necessary for a Na* ion. Due to the weak electron density and the lack of proper coor-
dination, we have assigned water molecules at these positions for the galectin-4N-glycerol, galectin-4N-3’SuL
and galectin-4N-2'FL complex structures, despite the high concentration of Na* ions in the crystallisation condi-
tion. Further studies are necessary to establish whether the presence of the Ca®* ion is a crystallographic artefact
or it might have biological implications. Of relevance is that as a stabilizer of adherens junctions and lipid rafts,
galectin-4 comes into contact with significant concentrations of calcium, whereby this ion also contributes to the
stabilisation of adherens junctions via cadherins and calcium signalling is transduced through channels localized
on lipid rafts®”*. It could be postulated that high concentration of calcium could induce stabilization of the $4-S5
loop of galectin-4N and increase its binding affinity towards its glycan binding partners, which could lead to
further stabilization of lipid rafts and adherens junctions.

The overall fold of human galectin-4N is the conserved galectin 3-sandwich fold comprising two (3-sheets, F1-
F5 and S1-S6, of which the concave side of the 3-sandwich (S1-S6) contains the saccharide-binding site (Fig. 1B).
As with other galectin CRDs, the amino acids forming the binding sub-sites C and D are conserved, while those
that construct the A, B and E sub-sites are slightly different, granting galectin-4N its unique binding specificity
(Fig. 1C). The human and mouse galectin-4N proteins exhibit high amino acid sequence identity (82.23% (res-
idues 1-152) and comparison of their structures (PDB ID: 318 T%, 2DYC (Kato-Muramaya et al. unpublished))
showed Coe RMSDs of 0.67 A (chain A of galectin-4N-glycerol complex compared with 318T) and 0.75 A (chain
A of galectin-4N-glycerol complex compared with 2DYC). The most significant deviations were seen around the
flexible S3-5S4 loop region. Residues Arg89 (mouse Lys89), Leu79 (mouse Met79), Pro56 (mouse Asp56), Phe47
(mouse His47) and Tyr20 (mouse Lys20), which may have implications in saccharide recognition, are not con-
served between the species.

The loop regions of galectins and the residues located within those loops are important for the bind-
ing specificity of each galectin. In particular, the uniquely long S4-S5 loop of galectin-1 protrudes into the
saccharide-binding site and interacts with certain ligands, such as TDG*, but in contrast, the equivalent
galectin-4N loop (shorter than that of galectin-1 and is a similar in size to that of galectin-3) does not directly
interact with the ligands studied herein. Galectin-4N Asp69, located on the S4-S5 loop, is found in a position
to interact with Arg45 (2.8-2.9 A distance), keeping the guanidino moiety of the arginine in a stacking posi-
tion to the conserved Arg67 (Fig. 1C). The Asp69 is semi-conserved among certain galectins as a negatively
charged residue (galectin-7 Asp55, galectin-9N Glu67, galectin-9C Asp241) to interact with the equivalents of
galectin-4N Arg45 (galectin-7 Arg31, galectin-9N Arg44, galectin-9C Arg221). This charge-charge interaction
keeps the Arg residues stacked on top of each other and does not allow extended freedom to their sidechains.
Galectin-3 and galectin-8N lack the negatively charged residue at the equivalent position of galectin-4N Asp69
(galectin-3 Asn164, galectin-8N Lys71) despite having an equivalent of galectin-4N Arg45 (galectin-3 Argl44,
galectin-8N Arg45). This results in galectin-3 having a unique larger groove near the binding site, which has
been the target of selective inhibition strategies®®!. The cationic Arg45 and Lys71 of galectin-8N do not form an

SCIENTIFICREPORTS | 6:20289 | DOI: 10.1038/srep20289 3



www.nature.com/scientificreports/

Crystal system, Space

group Monoclinic, P2, Monoclinic, P2, Monoclinic, P2, Monoclinic, P2,
a=63.24, a=62.92, a=163.18, a=63.15,
Unit cell parameters &) b=64.53, b=064.75, b=64.05, b=64.47,
c=64.68, c=64.47, c=64.65, c=64.65,
3=90.88 3=91.26 3=91.03 3=90.79
Resolution (A) 45.68-2.00 (2.05-2.00) 37.24-1.90 (1.94-1.90) 64.64-1.70 (1.73-1.70) 45.65-1.85 (1.89-1.85)
Total number of 159500 (11018) 161697 (6854) 224805 (10361) 177950 (8997)
observations
Egzzlri‘;‘l‘;i‘:r of unique 35098 (2534) 40168 (2128) 56576 (2931) 44028 (2626)
Redundancy 4.5(4.3) 4.0(3.2) 4.0 (3.5) 4.0 (3.4)
Completeness (%) 99.5(97.4) 98.1(82.1) 99.5 (98.5) 99.1(96.2)
s () 15.8(2.8) 12.2(4.1) 13.7 (2.0) 229 (5.9)
Rinerge (%) 6.4 (24.3) 6.7 (22.4) 6.3 (31.5) 3.6 (10.8)
Refinement
Resolution (A) 64.68-2.00 (2.05-2.00) 64.45-1.90 (1.95-1.90) 64.64-1.70 (1.74-1.70) 64.65-1.85 (1.90-1.85)
ung’;f(ﬁ)“g‘;‘";;; 33349 (2394) 38075 (2322) 53758 (2795) 41855 (2156)
Reryst (%) 18.4 (20.1) 15.5(19.9) 15.0 (22.2) 16.6 (20.1)
Rpgee (%) 222(23.9) 20.7 (24.7) 18.1(23.7) 205 (24.2)
No. atoms
Protein 4450 4478 4457 4414
Ligand 2 92 108 66
Water molecules 306 380 559 439
Average B factors (A2)
Protein 18.3 16.9 15.9 17.4
Ligand 20.4 16.6 15.4 28.2
Water molecules 24.2 24.5 26.7 26.5
RMS deviations
Bond lengths (A) 0.009 0.006 0.006 0.006
Bond angles (°) 1.34 1.06 1.21 1.11
Ramachandran Plot Statistics
Favoured (%) 99.5 99.1 99.3 98.5
Allowed (%) 0.5 0.9 0.7 1.5
PDBID 5DUU 5DUV 5DUW 5DUX

Table 1. X-ray crystallographic data collection and refinement statistics of galectin-4N-ligand complexes.

Values in parentheses are for the highest resolution shell. The Rfree value test set size is 5%.

obs
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2kt Enid

cale
F hkl

attractive charge-charge interaction, which allows the Arg45 to position optimally for interactions with negatively
charged sulfate and sialic acid groups®.

The S3-S4 loops of galectins are rather long and can be involved in binding with oligosaccharides (Fig. 1B).
In galectin-9N recognition of poly-lacNAc, the loop interacted with the non-reducing-end of the linear polysac-
charide®. In the galectin-8N recognition of sulfate and sialic acid groups, a non-conserved Arg59 stemming from
this loop interacted with the negatively charged groups®% and in galectin-4C recognition of LNnT, the Lys226
from this loop interacted with the non-reducing-end galactose®. The S3-S4 loop region of galectin-4N does
not contain any residues that could reach and interact with the particular ligands studied herein. However, the
loop may be able to interact with larger oligosaccharides such as poly-lacNAc in the same manner as seen in

galectin-9N®2,

Galectin-4N-glycerol complex.

The cryo-protectant glycerol was able to soak into the binding site of the

apo-crystal. The galectin-4N-glycerol complex was determined at 2.00 A resolution. The binding sites of all 4
of the monomers displayed clear density for the bound glycerol molecule (Fig. 2A). The binding of the glycerol
molecule is not influenced by crystallographic contacts in any of the 4 monomers.
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Figure 1. Structure of galectin-4N. (A) Simulated annealing omit map of the calcium-binding site (engaging
the S4-S5 loop) of the galectin-4N CRD with bound lactose. Galectin-4N CRD displayed as green cartoon
representation with calcium- and lactose-binding site residues depicted in green sticks. Calcium ion is shown
as a magenta sphere, its coordinating waters (red spheres) and the bound lactose molecule (stick model with
carbon atoms in yellow). The S4-S5 loop cartoon and carbons are highlighted in lime green. Dashed lines
highlight calcium coordination with its surroundings. The 2|Fo| — |Fc|a . map is illustrated in blue mesh at a
1.0 o contour level and the |Fo| — |Fc|ay. map is illustrated in red mesh at a 3.0 o contour level. The omit map
was created by Phenix. (B) Galectin-4N CRD shown in cartoon representation (3-strands (green), a-helical
turn (red), loops (yellow)) with bound lactose molecule in stick representation (yellow carbons, red oxygens).
The 3-strands on the concave side of the 3-sandwich and certain loops are labelled in black. Binding sub-sites
are labelled in red. (C) Stereo image of galectin-4N CRD with side-chains of residues implicated in recognition
of oligosaccharides displayed in stick representation (carbon (green) oxygen (red), nitrogen (blue)). Bound
lactose molecule in transparent stick representation (carbon (yellow), oxygen (red)) indicates the conserved
carbohydrate-binding site.

The oxygen atoms of the glycerol molecule are found in positions that mimic galactose O4’, 05’ and 06 and
interact with the conserved residues His63, Asn65, Arg67, Asn77 and Glu87 (Fig. 2B). The carbon atoms of the
glycerol molecule mimic the cyclic ring of galactose and make a van der Waals interaction with Trp84. In addition
to the glycerol molecule, a water molecule is found in interaction distance of Arg67 and Glu87 residues and mim-
ics the conserved interaction observed between lactose C3 hydroxyl and these two protein residues. This binding
profile of glycerol mimicking galactose and a water molecule occupying the binding site of glucose C3 hydroxyl is
also seen in galectin-3 (PDB ID: 3ZSK*®) and galectin-8C (PDB ID: 4GXL%).

In our human galectin-4N-glycerol complex structure, the binding site of galectin-4N is pre-organised to
interact with saccharides. This could be due to the ability of glycerol to mimic saccharides as a number of NMR
studies suggest that the side-chains of galectins that are involved in saccharide binding have much greater con-
formational freedom (PDB ID: 2KM2%, 2YRO (Tomizawa et al. unpublished), 1 x 50 (Tomizawa et al. unpub-
lished)). The mouse apo-galectin-4N structure (PDB ID: 2DYC, Kato-Muramaya et al. unpublished) also has a
pre-organized binding site, but further scrutiny suggests that the 3 water molecules modelled in its binding site
may be a glycerol molecule, as the crystallisation condition contains a high percentage of glycerol. Importantly, in
the human galectin-4N-glycerol structure, the interaction between Asp69 and Arg45 still forms in the absence of
a natural saccharide ligand (Fig. 2B). The equivalent interaction is not kept in either the mouse apo-galectin-4N
structure (PDB ID: 2DYC (Kato-Muramaya et al. unpublished)) or the mouse galectin-4N-Lac complex (PDB
ID: 318T*°). As the sequence of the S4-S5 loop and the residues that coordinate the loop are identical between the
human and mouse galectin-4N, the difference may be due to crystallographic contacts. The Ca?" coordinating
sites of both the apo- and holo- mouse galectin-4N structures harbour a crystallographic contact to Lys97 and the
$4-S5 loop may be pulled slightly further away. The S4-S5 loop of the human galectin-4N structures are relatively
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Figure 2. Crystal structure of galectin-4N-glycerol complex. (A) Simulated annealing omit map of
galectin-4N binding site with bound glycerol. Galectin-4N binding site residues (green carbons) with bound
glycerol (carbon (yellow)) depicted in stick representation. The 2|Fo| — |Fc|ai.,. map is illustrated in blue mesh
ata 1.0 o contour level and the |Fo| — |Fc| o map is illustrated in red mesh ata 3.0 o contour level. The omit
map was created by the “composite omit map” task of Phenix®. (B) Binding site interactions of galectin-4N
and glycerol. Galectin-4N binding site depicted in green cartoon representation with binding site residues and
bound glycerol (carbon (yellow)) represented as sticks. Hydrogen bonds are illustrated as dashed lines.

Figure 3. Crystal structure of galectin-4N-lactose complex. (A) Simulated annealing omit map of
galectin-4N binding site with bound lactose. Galectin-4N binding site residues (green carbons) with the bound
lactose (yellow carbon) depicted in stick representation. The 2|Fo| - |Fc|a. map is illustrated in blue mesh

ata 1.0 o contour level and the |Fo| - [Fc| . map is illustrated in red mesh at a 3.0 o contour level. The omit
map was created by the “composite omit map” task of Phenix®. (B) Binding site interactions of galectin-4N and
lactose. Galectin-4N binding site depicted in green cartoon representation with binding site residues (carbon
(green)) and bound lactose (carbon (yellow)) represented as sticks. Hydrogen bonds are illustrated as dashes.

less influenced by crystal contacts and as such reveal the important Arg45-Asp69 interaction as well as its ability
to coordinate a cation. The Arg45-Asp69 interaction may have an effect on the ability of Arg45 to move away
from this position and interact with the sulfate group of sulfated saccharides in a matter that has been predicted
by mutational analysis*.

Galectin-4N-lactose complex. The galectin-4N-lactose complex structure was determined at 1.90 A res-
olution from crystals grown in a PEG-based condition that is different to the other crystals reported here (which
were crystallised in high concentration of sodium formate). However, the space group and unit cell dimensions
are comparable (Table 1). The binding sites of all 4 monomers within the asymmetric unit contained unambigu-
ous density for the lactose molecule (Fig. 3A). In the binding sites of monomers A and C, the C2" hydroxyl of the
galactose residue of lactose is in crystal contact with the backbone carbonyl of Gly82 from another monomer. In
monomers B, C, and D the C1 and C2 hydroxyls of the glucose residue of lactose are in contact with the Asp55
of another monomer, while the A monomer is free of any other crystal contact. We consider that these crystal
contacts do not have influence on the binding mode of lactose, especially in the case of the lactose in monomer
A, because in monomers B and D, which do not interact with the backbone carbonyl of Gly82, the location of this
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Saccharides Trivial Name Ky (pM) | SEM
Gal31-4Glc Lactose 1300 90
SO; -3GalB31-4Glc Lactose-3’-sulfate (3'SuL) 510 30
Fuca1-2GalB31-4Glc 2'-fucosyllactose (2'FL) 380 9
GalNAc

al-3(Fucal-2)GalB1- | A-tetrasaccharide 164 5
4Glc

Table 2. Binding affinity of galectin-4N towards various saccharides. The saccharide in bold most likely
resides in sub-site C-D of the galectin CRD, as based on structural considerations and a value of A, equal or
higher than that for lactose itself, as discussed in detail elsewhere®®38,

interaction is replaced by a water molecule that mediates a hydrogen-bond with Arg45. The location of this water
molecule is also replaced by the ring oxygen of fucose in the galectin-4N-2'FL complex.

The binding interactions observed between galectin-4N and lactose are the same as the conserved interac-
tions observed in previously reported galectin-lactose complex structures (Fig. 3B). The C4’ hydroxyl of the
galactose saccharide interacts with His63, Asn65 and Arg67. The C6’ hydroxyl of the galactose residue interacts
with Asn77 and Glu87. The ring oxygen of galactose is in interaction distance of Arg67. The C3 hydroxyl of the
glucose residue is in interaction distance of Arg67, Glu87 and Arg89. Additionally, the C2 hydroxyl of glucose is
in hydrogen bonding distance of Arg89. These interactions form the core of the conserved galectin-saccharide
interaction, with the exception of Arg89, which is a semi-conserved residue among human galectins. The Arg89
confers additional interactions with the C2 and C3 hydroxyls of lactose as seen here, and the galectin-3 equivalent
(Argl86) increases the affinity of N-acetyllactosamine towards galectin-3%. Within the asymmetric unit, Arg89
interacts with lactose only in monomer A, but instead forms crystallographic salt bridges with Asp55 of other
monomers in monomers B, C and D. As we observed in the interactions between the galectin-3 Argl186 (equiv-
alent to galectin-4N Arg89) and other saccharide ligands®, the galectin-4N Arg89 interaction with lactose and
similar ligands may be transient.

Although the core binding site of galectins (sub-sites C and D) are largely conserved among galectin CRDs,
interacting in a similar manner with basic ligands like lactose, differences in binding affinity have been reported®.
In the case of galectin-4N, the affinity for lactose (1300 uM; Table 2) is slightly higher than that of the galectin-4C
(1900 M), which we reported previously using the same assay*’. The presence of galectin-4N Arg89 which can
form transient interactions with the lactose C2 and C3 hydroxyls could contribute to the slightly higher affinity,
as the galectin-4C equivalent at this position is Lys261, which does not form similar interactions®.

Galectin-4N-lactose-3’-sulfate complex (3'SuL). The galectin-4N-3'SuL complex structure was deter-
mined at 1.70 A resolution from an apo-galectin-4N crystal soaked in 20 mM 3’SuL (Table 1). Clear electron
densities were observed for the bound ligand in all 4 monomers (Fig. 4A). The 3'SuL ligand in the binding site of
monomer A makes crystallographic contacts with the backbone carbonyl of Gly82 of monomer B via galactose
02’ and side-chain of Asp55 of monomer C via glucose O6. The ligand in monomer B makes crystallographic
contacts with the side-chain of Asp55 of monomer D via glucose O1/02 and side-chain of GIn54 of monomer C
via glucose O6. The ligand in monomer C makes crystallographic contact with the backbone carbonyl of Gly82 of
monomer D via galactose O2’. The ligand in monomer D makes crystallographic contact with the side-chain of
Asp55 of monomer A via glucose O1/02. As with the galectin-4N-lactose complex, we do not think these crystal
contacts induced changes within the binding interaction, and structural alignment of the monomers show iden-
tical binding interactions and ligand conformations.

The interactions between the galectin-4N binding site and the lactose moiety of 3'SuL are comparable to those
found in the galectin-4N-lactose complex (Fig. 4B). The sulfate moiety interacts with Trp84 and Asn49 via two
water-mediated hydrogen bonds that are preserved in all 4 of the monomers. In a dynamic binding environment,
the sulfate residue may also be able to directly interact with Trp84 ring nitrogen by rotating about the sulfate-
galactose C3’ bond, as seen in the complex of galectin-4C-3’SuL*. Interestingly, only the binding site electron
density of monomer A clearly supported an alternative conformation for Arg45 that allows direct interaction with
the sulfate group (Fig. 4B). The difference electron density around the B-subsite (sulfate interaction site) of the
other three monomers showed slight hints toward secondary alternative conformations of Arg45 with very low
occupancies, but the experimental evidence was not as clear as that of monomer A. The conformation of Arg45
of monomer A is not due to crystallographic contacts, because the conformation of Arg45 of monomer A, which
does not interact with the sulfate group, is in interaction distance of the backbone carbonyl of monomer B Gly82
residue (3.2 A). This interaction would encourage restraint of Arg45 in the non-sulfate-interacting conformation
thus discouraging the interaction between Arg45 and the sulfate group. Despite this crystallographic contact,
the alternative conformation of Arg45 that interacts with the sulfate group is clearly supported by the electron
density. Therefore it is our interpretation that the residue Arg45 is in equilibrium between hydrogen bonding with
the sulfate group of 3’SuL and the residue Asp69. The crystal structure shows that the Arg45 residue is capable
of interacting with the sulfate residue and also depicts the orientation of the residue required for the interaction
(Fig. 4B).

Unlike galectin-8N, which binds to SO;~-Lac-pNP with 34-fold higher affinity than Lac-pNP®, the reported
affinity of galectin-4N toward SO;~-Lac-pNP is only 5.4-fold higher than Lac-pNP>2, while others have reported
slightly higher ratio of 10-20 fold?””. Our affinity data also shows 2.6-fold higher affinity for 3'SuL compared
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Figure 4. Crystal structure of galectin-4N-3’SuL complex. (A) Simulated annealing omit map of galectin-4N
binding site with bound 3’SuL. Galectin-4N binding site residues (carbon (green)) with the bound 3’SuL
(carbon (yellow), sulphur (silver)) depicted in stick representation. The 2|Fo| - |Fc|o . map is illustrated in blue
mesh ata 1.0 o contour level and the |Fo| - |Fc| . map is illustrated in red mesh at a 3.0 6 contour level. The
omit map was created by the “composite omit map” task of Phenix®. (B) Binding site interactions of galectin-4N
and 3’Sul. Stereo image of galectin-4N binding site depicted in green cartoon representation with binding site
residues (carbon (green); alternative conformations of Arg45 and Asp69 are illustrated with carbon (cyan)) and
bound 3’SuL (carbon (yellow)) represented as sticks. Hydrogen bonds are illustrated as dashes.

to lactose (Table 2), supporting the former data. Notably, the affinity of galectin-4N toward 3’SuL (510 pM) is
2.7-fold higher than that of galectin-4C (1400 uM)*, which also agrees with previously published data indicating
that galectin-4N recognises sulfated saccharides with higher affinity and specificity than galectin-4C?>%”. The
34-fold higher affinity of galectin-8N towards the sulfate group is likely due to the number of specific interactions
afforded by the protein through residues Arg45, Arg59, Gln47 and Trp86 (equivalent to galectin-4N Arg45, no
equivalent, Phe47 and Trp84 respectively)® while galectin-4N recognition of the sulfate group only employs
direct interaction via Arg45 and two water-mediated hydrogen-bonds to Trp84 and Asn49. Additionally, the
Arg45 residue of galectin-8N (galectin-4N Arg45) is more readily available for interaction with the sulfate group
due to the presence of a non-negatively charged residue Lys71 (galectin-4N Asp69) which does not trap the
Arg45 residue in a non-interaction conformation as observed in galectin-4N through the Arg45-Asp69 interac-
tion (Fig. 4B).

Galectin-4N-2'-fucosyllactose complex (2’'FL). The galectin-4N-2'FL complex structure was deter-
mined at a resolution of 1.85 A from a ligand-soaked apo crystal (Table 1). The ligand was able to enter into the
relatively open binding sites of monomers B and D, where clear electron density was observed for the ligands
(Fig. 5A). In contrast, the binding sites of monomers A and C were more occluded by crystal contacts and the
cryoprotectant glycerol was found within the binding sites. The 2'FL in monomer B is in crystallographic contact
with Asp55 of monomer D via glucose 01/02 and GIn54 of monomer C via glucose O6. The ligand in monomer
D is in crystallographic contact with Asp55 of monomer A via glucose O1/02 and no other crystal contacts were
observed, thus monomer D and bound 2'FL are used for analysis.

As with the galectin-4N-3’SuL complex, the interactions between galectin-4N and the lactose portion of 2'FL
are comparable to those observed in the galectin-4N-lactose complex (Fig. 5B). Unlike previous galectin complex
structures with oligosaccharides containing the 2'FL motif (PDB ID: 4YM1°, 1ULF”’, 3WG3"") the fucose makes
a direct interaction with galectin-4N Arg45 residue by its ring oxygen (Fig. 5B). The additional interaction is con-
sistent with our affinity data, which shows 3.4-fold higher affinity for the galectin-4N-2'FL interaction compared
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Figure 5. Crystal structure of galectin-4N-2'FL complex. (A) Simulated annealing omit map of galectin-4N
binding site with bound 2'FL. Galectin-4N binding site residues (carbon (green)) with the bound 2'FL (carbon
(yellow)) depicted in stick representation. The 2|Fo| - |Fc|cv., map is illustrated in blue mesh ata 1.0 o contour
level and the |Fo| - |Fc| oy map is illustrated in red mesh at a 3.0 o contour level. The omit map was created by
the “composite omit map” task of Phenix®. (B) Binding site interactions of galectin-4N and 2'FL. Stereo image
of galectin-4N binding site depicted in green cartoon representation with binding site residues (carbon (green))
and bound 2'FL (carbon (yellow)) represented as sticks. Possible hydrogen bonds are illustrated as dashes.

to the galectin-4N-lactose interaction (Table 2). Furthermore, galectin-4N affinity toward 2'FL (380 pM) is
1.5-fold higher than that of galectin-4C (580 uM>°).

Unlike the recognition of sulfated saccharides, the ability of human galectin-4N to recognise blood group
saccharides has been suspect to controversy. Solid-phase competition assay suggested that galectin-4N does not
bind any of the blood group antigens®, but surface plasmon resonance studies have shown 2-20-fold higher
affinity for the galectin-4N-A-tetrasaccharide interaction compared to galectin-4N-lactose interaction"*2, Our
affinity data supports the results from the latter study (Table 2), where the affinity of A-tetrasaccharide toward
galectin-4N (164 M) is 7.9-fold higher than that of lactose (1300 .M). Furthermore, as with the surface plas-
mon resonance study, which reported 1.6-fold higher affinity for galectin-4C-A-tetrasaccharide compared to
galectin-4N-A-tetrasaccharide?!, our data also shows 2.2-fold higher affinity for human galectin-4C toward
A-tetrasaccharide (75 M) compared to human galectin-4N. Further scrutiny of the affinity data reveals that
galectin-4N affinity toward A-tetrasaccharide (164 M) is only 2.3-fold higher than toward 2'FL (380 p.M), whilst
galectin-4C affinity toward A-tetrasaccharide (75pM) is 7.7-fold higher than toward 2'FL (580 uM), which indi-
cates that the non-reducing-end GalNAc interacts well with the galectin-4C protein surface as described previ-
ously®, while its interaction with galectin-4N surface maybe less optimal. The B sub-site of galectin-4N, in which
the GalNAc of A-tetrasaccharide would interact, is very different to the B sub-site of galectin-4C, lacking the
galectin-4C Ser220 residue (galectin-4N Arg45) that interacts with the N-acetyl moiety of GalNAc, as well as hav-
ing a bulky Phe47 residue. If the non-reducing end GalNAc of A-tetrasaccharide could orient in the binding site
of galectin-4N in a similar to that of galectin-4C, the additional 2.3-fold affinity may be imbued by the interaction
between the GaINAc C6 hydroxyl and the Trp84.

The rat and mouse galectin-4N both recognise at least the H-antigen (2'FL) with higher affinity than lactose
and the mouse galectin-4N recognises B-antigen strongly>>**. The rat galectin-4N also recognises both A- and B-
linear trisaccharide groups with slightly higher affinity than lactose®. The higher affinity toward these saccharides
is consistent with our affinity and crystallographic data regarding the human galectin-4N. The ability of rat and
mouse galectin-4N to recognise the A- and B-antigens may be further enhanced by the presence of a His residue
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instead of the human galectin-4N Phe47 residue. The histidine can interact directly with the non-reducing-end
galactose of B-antigen; and, at least in the case of B-antigen, the non-reducing-end antigenic galactose residue
may not clash with this His residue of rat and mouse galectin-4N, resulting in a significantly higher affinity®.
Mutation Phe47Ala increased the affinity of galectin-4N toward A-tetrasaccharide by 4.4-fold, while Phe47Gln
mutation decreased the affinity 3.7-fold*?. This suggests that the size of the side-chain might be sterically hinder-
ing GalNAc from binding, and the hydrophobicity of Phe47 may not be the main cause. In fact, it can be hypothe-
sized that the 3.7-fold loss of affinity may be due to a loss of a stacking interaction between Phe47 and the N-acetyl
group of GalNAc. The galectin-4C equivalent of galectin-4N Phe47 is Ala222, which allows the non-reducing-end
GalNAc or Gal of A- and B-antigens to situate within the binding site of galectin-4C without steric hindrance*.

Opverall, the structural and binding affinity analysis of human galectin-4N in complex with 2'FL reveals that
galectin-4N recognises H-antigen with higher affinity than galectin-4C and recognises A- and B-antigens to a
lesser extent than galectin-4C. The limitation in recognising A- and B- antigens may be due to the B-subsite of
galectin-4N being less than ideal for accommodating the non-reducing-end Gal/GalNAc of B- and A-antigens.
However, the ability of each galectin-4 CRD to be able to recognise glycan containing blood group determinants
may be an adaptation to its environment within the intestinal tract as glycopeptides and glycolipids of intestinal
epithelial cells have higher than average blood group determinant content”>”.

Concluding remarks

Here we report the first X-ray crystal structures of human galectin-4N with bound glycerol, lactose, 3'SuL and
2'FL. The overall structure of human galectin-4N CRD is similar to those observed previously for other galectins,
and as with these prior structures galectin-4N recognises lactose via the conserved residues within the C, D and
E sub-sites (Fig. 3B). Galectin-4N recognises the sulfate group of 3'SuL by water-mediated hydrogen-bonding
interactions with Asn49 and Trp84 (Fig. 4B). The Arg45 residue is found to weakly interact with the sulfate
group, possibly enhancing the binding affinity further. The galectin-4N Arg45 interaction with the sulfate of
3’SuL may be weakened by the semi-conserved Asp69 residue that traps Arg45 in a charge-charge interaction
(Fig. 4B), creating an equilibrium between Arg45-sulfate and Arg45-Asp69 interactions. Furthermore, the inter-
action between Arg45 and Asp69 of galectin-4N may be responsible for the inability of taloside-based inhibitors
to bind galectin-4N as the Arg45/Arg67 stacked conformation blocks the intended binding groove for taloside C2
modifications®®®!. Galectin-4N recognises the fucose group of 2'FL by its ring oxygen through an interaction with
Arg45 (Fig. 5B). The bulky Phe47 residue in the B sub-site of galectin-4N may be responsible for its lower affinity
toward A- and B-antigens, possibly interfering with the linear portion of these antigens.

Parallels can be drawn between galectin-4 and galectin-8, attributing each domain to a specific set of oligo-
saccharides such as sulfated saccharides and blood group antigens, but galectin-8 is a specialized member of the
tandem-repeat galectins due to its high-affinity for sulfated and sialylated saccharides via its N-terminal CRD
and specific recognition of blood group antigens via its C-terminal CRD®, where one CRD cannot recognise the
ligand of the other. On the contrary, galectin-4 N- and C-terminal CRDs recognise each other’s respective bind-
ing partners with slightly lower affinity?>*"*, which allows each domain to recognise a slightly more diverse set of
oligosaccharides. The ability of galectin-4 CRDs to recognise and bind a larger repertoire of ligands with slightly
lower affinity than the individual CRDs of galectin-8 may be a unique distinction, through which galectin-4 may
function. A conjecture may be that the cellular environment, with increasing or decreasing concentrations of gly-
cosphingolipids or glycoproteins, may alter the capabilities of galectin-4 as a cross-linker. This may in part explain
the negative effects of galectin-4 over-expression in cancers outside of the intestinal tract***, as the protein may
induce unintended effects via glycan interactions that is not part of its natural repertoire.

Materials and Methods
Materials. (3-lactose and lactose-3’-sulfate were purchased from Sigma (St. Louis, MO, USA) and 2’ -fucosyl-
lactose was purchased from Dextra Laboratories (Reading, UK).

Purification, crystallisation and soaking of galectin-4N. Expression and purification of galectin-4N
was performed using a lactosyl-Sepharose affinity chromatography as established for galectin purification”.
Galectin-4N-lactose complex crystals were grown by the hanging-drop vapor-diffusion method with 500l res-
ervoir solution (0.2 M calcium acetate and 20% w/v PEG 3350) and a 4l drop containing 2 ul protein solution
(7mg/ml in 150 mM NaCl, 50 mM HEPES pH 7.2 and 50 mM {-lactose) and 2 pl reservoir solution at 20 °C.
The crystals grew in 20-30 days to an average size of 0.2mm X 0.2 mm x 0.1 mm. Apo-galectin-4N crystals
were obtained by the hanging-drop vapor-diftusion method with 500 pl reservoir solution (3.5 M sodium for-
mate, 0.1 M Tris pH 8.0) and a 4 pl drop containing 2 pl protein solution (5 mg/ml in PBS pH 7.4) and 2 pl res-
ervoir solution at 20 °C. The crystals grew to an average size of 0.04 mm x 0.04 mm x 0.02 mm in 30-40 days.
Galectin-4N-2'FL and galectin-4N-3’SuL complexes were generated by soaking the apo-galectin-4N crystals
in soaking solutions (4.0 M sodium formate, 0.1 M Tris pH 8.0) supplemented with 20 mM 2’FL or 3’SuL for
60-70 min. The cryo-protectant glycerol is found in the binding site of the apo-galectin-4N structure, creating
the galectin-4N-glycerol complex.

X-ray data collection and structure determination. All X-ray data collection experiments were
conducted at the Australian Synchrotron MX1 and MX2 beamlines. Galectin-4N crystals were dipped in
cryo-protectant solutions (30% w/v PEG 3350, 0.2 M CaCl,, 7% v/v glycerol for galectin-4N-Lactose complex
and 4.0 M sodium formate, 0.1 M Tris pH 8.0, 10% v/v glycerol for others) before being flash-cooled in liquid
nitrogen. The X-ray diffraction data were indexed and integrated using XDS7>7¢ or iMOSFLM"” and scaled and
merged using Aimless’® as implemented in the CCP4 suite of crystallographic software”. Galectin-4N protein
sequence (aa. 1-155) was used to build a molecular replacement model via the SWISS-MODEL server® with
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mouse galectin-4N structure (PDB ID: 318 T>) as template. The structures were solved by molecular replacement
using the homology model with Phaser®! and were refined using Refmac5®2. Visualization of electron density
and model-building was performed using Coot**#* and the models were validated and analysed by Molprobity®.

Measurement of galectin-4N affinity toward oligosaccharides. A competitive fluorescence anisot-
ropy (FA) inhibition assay®® was used to measure the affinity of galectin-4N towards a panel of saccharide ligands.
A fixed concentration of a fluorescein tagged thio-di-galactoside derivative (0.1 xM) was mixed with 0.8 uM
of galectin-4N and a dilution series of inhibitor ranging from about 20-2000 1M, and anisotropy was meas-
ured at room temperature using a PHERAstar plate reader (excitation 485 nm/emission 520 nm) with software
PHERAstar Mars version 2.10 R3 (BMG, Offenburg, Germany). Kd-values were calculated as described® and
applied to galectin-4N and galectin-4C*%”. Each value is based on 6-8 measurements.

References

1. Lepur, A., Salomonsson, E., Nilsson, U. J. & Leffler, H. Ligand induced galectin-3 protein self-association. J Biol Chem. Jun
22;287(26):21751-6 (2012).

2. Oda, Y. et al. Soluble lactose-binding lectin from rat intestine with two different carbohydrate-binding domains in the same peptide
chain. J. Biol. Chem. 268, 5929-5939 (1993).

3. Teichberg, V. L, Silman, I, Beitsh, D. D. & Resheff, G. A beta-D-galactoside binding protein from electric organ tissue of
Electrophorus electricus. Proc. Natl. Acad. Sci. 72, 1383-1387 (1975).

4. Huflejt, M. E. & Leffler, H. Galectin-4 in normal tissues and cancer. Glycoconj. J. 20, 247-255 (2004).

5. Cedeno-Laurent, F. & Dimitroff, C. J. Galectins and their ligands: negative regulators of anti-tumor immunity. Glycoconj. J. 29,
619-625 (2012).

6. Liu, W. et al. Galectin-3 regulates intracellular trafficking of EGFR through Alix and promotes keratinocyte migration. J. Invest.
Dermatol. 132, 2828-2837 (2012).

7. Sherwi, N., Merali, S. & Wong, K. Personalizing biomarker strategies in heart failure with galectin-3. Future Cardiol. 8, 885-894
(2012).

8. Cooper, D., Igbal, A. ], Gittens, B. R., Cervone, C. & Perretti, M. The effect of galectins on leukocyte trafficking in inflammation:
sweet or sour? Ann. N. Y. Acad. Sci. 1253, 181-192 (2012).

9. Schattner, M. & Rabinovich, G. A. Galectins: new agonists of platelet activation. Biol. Chem. 394, 857-863 (2013).

10. Sato, S., Ouellet, M., St-Pierre, C. & Tremblay, M. J. Glycans, galectins, and HIV-1 infection. Ann. N. Y. Acad. Sci. 1253, 133-148
(2012).

11. Danielsen, E. M. & van Deurs, B. Galectin-4 and small intestinal brush border enzymes form clusters. Mol. Biol. Cell 8, 2241-2251
(1997).

12. Hansen, G. H. et al. Lipid rafts exist as stable cholesterol-independent microdomains in the brush border membrane of enterocytes.
J. Biol. Chem. 276, 32338-32344 (2001).

13. Braccia, A. et al. Microvillar membrane microdomains exist at physiological temperature. J. Biol. Chem. 278, 15679-15684 (2003).

14. Nguyen, H. T. T. et al. Proteomic characterization of lipid rafts markers from the rat intestinal brush border. Biochem. Biophys. Res.
Commun. 342, 236-244 (2006).

15. Danielsen, E. M. & Hansen, G. H. Lipid raft organization and function in the small intestinal brush border. J. Physiol. Biochem. 64,
377-382 (2008).

16. Delacour, D. et al. Galectin-4 and sulfatides in apical membrane trafficking in enterocyte-like cells. J. Cell Biol. 169, 491-501 (2005).

17. Delacour, D., Koch, A. & Jacob, R. The role of galectins in protein trafficking. Traffic 10, 1405-1413 (2009).

18. Morelle, W. et al. Glycosylation pattern of brush border-associated glycoproteins in enterocyte-like cells: involvement of complex-
type N-glycans in apical trafficking. Biol. Chem. 390, 529-544 (2009).

19. Stechly, L. et al. Galectin-4-regulated delivery of glycoproteins to the brush border membrane of enterocyte-like cells. Traffic 10,
438-450 (2009).

20. Ideo, H., Seko, A., Ohkura, T., Matta, K. L. & Yamashita, K. High-affinity binding of recombinant human galectin-4 to SO3--
>3Gal?1->3GalNAc pyranoside. Glycobiology 12, 199-208 (2002).

21. Ideo, H., Seko, A. & Yamashita, K. Galectin-4 binds to sulfated glycosphingolipids and carcinoembryonic antigen in patches on the
cell sufrace of human colon adenocarcinoma cells. J. Biol. Chem. 280, 4730-4737 (2005).

22. Ideo, H., Seko, A. & Yamashita, K. Recognition mechanism of galectin-4 for cholesterol 3-sulfate. J. Biol. Chem. 282, 21081-21089
(2007).

23. Chiu, M. L,, Parry, D. A., Feldman, S. R, Klapper, D. G. & O’Keefe, E. ]. An adherens junction protein is a member of the family of
lactose-binding lectins. J. Biol. Chem. 269, 31770-31776 (1994).

24. Wei, Q, Eviatar-Ribak, T., Miskimins, W. K. & Miskimins, R. Galectin-4 is involved in p27-mediated activation of the myelin basic
protein promoter. J. Neurochem. 101, 1214-1223 (2007).

25. Stancic, M. et al. Galectin-4, a novel neuronal regulator of myelination. Glia 60, 919-935 (2012).

26. Velasco, S. et al. Neuronal galectin-4 is required for axon growth and for the organization of axonal membrane L1 delivery and
clustering. J. Neurochem. 125, 49-62 (2013).

27. Vokhmyanina, O. A. et al. Comparative study of the glycan specificities of cell-bound human tandem-repeat type galectin-4, -8 and
-9. Glycobiology 22, 1207-1217 (2012).

28. Kopitz, J., Ballikaya, S., Andre, S. & Gabius, H.-J. Ganglioside GM1/galectin-dependent growth regulation in human neuroblastoma
cells: special properties of bivalent galectin-4 and significance of linker length for ligand selection. Neurochem. Res. 37, 1267-1276
(2012).

29. Hokama, A., Mizoguchi, E. & Mizoguchi, A. Roles of galectins in inflammatory bowel disease. World J. Gastroenterol. 14, 5133-5137
(2008).

30. Hokama, A. et al. Induced reactivity of intestinal CD4+- T cells with an epithelial cell lectin, galectin-4, contributes to exacerbation
of intestinal inflammation. Immunity 20, 681-693 (2004).

31. Paclik, D., Danese, S., Berndt, U., Wiedenmann, B., Dignass, A. & Sturm, A. Galectin-4 controls intestinal inflammation by selective
regulation of peripheral and mucosal T cell apoptosis and cell cycle. PLOS One 3, €2629 (2008).

32. Mathieu, A. et al. Expression galectins-1, -3 and -4 varies with strain and type of experimental colitis in mice. Int. J. Exp. Path. 89,
438-446 (2008).

33. Duray, A. et al. Galectin fingerprinting in naso-sinusal diseases. Oncol. Rep. 32,23-32 (2014).

34. Kondoh, N. et al. Identification and characterization of genes associated with human hepatocellular carcinogenesis. Cancer Res. 59,
4990-4996 (1999).

35. Hayashi, T. et al. Galectin-4, a novel predictor for lymph node metastasis in lung adenocarcinoma. PLOS One 8, e81883 (2013).

36. Rechreche, H., Mallo, G. V., Montalto, G., Dagorn, J.-C. & Iovanna, J. L. Cloning and expression of the mRNA of human galectin-4,
an S-type lectin down-regulated in colorectal cancer. Eur. . Biochem. 248, 225-230 (1997).

SCIENTIFICREPORTS | 6:20289 | DOI: 10.1038/srep20289 11



www.nature.com/scientificreports/

37.
38.

39.
40.

41.
42.
43.
44,
45.
. Huflejt, M. E., Jordan, E. T, Gitt, M. A., Barondes, S. H. & Leffler, H. Strikingly different localization of galectin-3 and galectin-4 in

47.
48.

49.
50.
51.
52.
53.

54.

55.

56.

57.

58.
59.

60.
61.
62.
63.
64.
65.

66.
. Bum-Erdene, K. et al. Investigation into the feasibility of thioditaloside as a novel scaffold for galectin-3-specific inhibitors.

68.
69.

70.
71.

72.
73.
74.
75.
. Kabsch, W. Integration, scaling, space-group assignment and post-refinement. Acta Crystallogr. D66, 133-144 (2010).
77.
78.

79.
80.

81

Satelli, A., Rao, P. S., Thirumala, S. & Rao, U. S. Galectin-4 functions as a tumor suppressor of human colorectal cancer. Int. J. Cancer
129, 799-809 (2011).

Belo, A. I, van der Sar, A. M., Tefsen, B. & van Die, I. Galectin-4 reduces migration and metastasis formation of pancreatic cancer
cells. PLOS One 8, €65957 (2013).

Kim, S. W. et al. Abrogation of galectin-4 expression promotes tumorigenesis in colorectal cancer. Cell Oncol. 36, 169-178 (2013).
Maftouh, M. et al. Galectin-4 expression is associated with reduced lymph node metastasis and modulation of Wnt/beta-catenin
signalling in pancreatic adenocarcinoma. Oncotarget 5, 5335-5349 (2014).

Alves, P. M. et al. Significance of galectins-1, -3, -4 and -7 in the progression of squamous cell carcinoma of the tongue. Pathol. Res.
Pract. 207, 236-240 (2011).

Fukumori, T., Kanayama, H. O. & Raz, A. The role of galectin-3 in cancer drug resistance. Drug Resist. Updat. 10, 101-108 (2007).
Harozono, Y., Nakajima, K. & Raz, A. Why anti-Bcl-2 clinical trials fail: a solution. Cancer Metastasis Rev. 33, 285-294 (2013).
Astorgues-Xerri, L. et al. Unraveling galectin-1 as a novel therapeutic target for cancer. Cancer Treat. Rev. 40, 307-319 (2014).
Ebrahim, A. H. et al. Galectins in cancer: carcinogenesis, diagnosis and therapy. Ann. Transl. Med. 2, 88 (2014).

human colon adenocarcinoma T84 cells. J. Biol. Chem. 272, 14294-14303 (1997).

Stowell, S. R. et al. Innate immune lectins kill bacteria expressing blood group antigen. Nat. Med. 16, 295-301 (2010).

Slomiany, B. L., Murty, V. L., Piotrowsky, J., Grabska, M. & Slomiany, A. Glycosulfatase activity of H. pylori toward human gastric
mucin: effect of sucralfate. Am. J. Gastroenterol. 87, 1132-1137 (1992).

Kamisago, S. et al. Role of sulfatides in adhesion of Helicobacter pylori to gastric cancer cells. Infect. Immun. 64, 624-628 (1996).
Bum-Erdene, K., Leffler, H., Nilsson, U. J. & Blanchard, H. Structural characterisation of human galectin-4 C-terminal domain
—elucidating the molecular basis for recognition of glycosphingolipids, sulfated saccharides and blood group antigens. FEBS J. 282,
3348-3367 (2015).

Chen, C. et al. Circulating galectins-2, -4 and -8 in cancer patients make important contributions to the increased circulation of
several cytokines and chemokines that promote angiogenesis and metastasis. Brit. J. Cancer 110, 741-752 (2014).

Ideo, H., Matsuzaka, T., Nonoka, T., Seko, A. & Yamashita, K. Galectin-8-N-domain recognition mechanism for sialylated and
sulfated glycans. J. Biol. Chem. 286, 11346-11355 (2011).

Markova, V. et al. Role of the carbohydrate recognition domains of mouse galectin-4 in oligosaccharide binding and epitope
recognition and expression of galectin-4 and galectin-6 in mouse cells and tissues. Int. J. Mol. Med. 18, 65-76 (2006).

Wu, A. M. et al. Effects of polyvalency of glycotopes and natural modifications of human blood group ABH/Lewis sugars at the Gal-
beta-1-terminated core saccharides on the binding of domain-I of recombinant tandem-repeat-type galectin-4 from rat
gastrointestinal tract (G4-N). Biochimie 86, 317-326 (2004).

Krejcirikova, V. et al. Structure of the mouse galectin-4 N-terminal carbohydrate-recognition domain reveals the mechanism of
oligosaccharide recognition. Acta Crystallogr. D67, 204-211 (2011).

Zimbardi, A. L. L. R., Pinheiro, M. P,, Dias-Baruffi, M. & Nonato, M. C. Cloning, expression, purification, crystallization and
preliminary X-ray diffraction analysis of the N-terminal carbohydrate-recognition domain of human galectin-4. Acta Crystallogr.
F66, 542-545 (2010).

Brown, R. C. & Davis, T. P. Calcium Modulation of Adherens and Tight Junction Function: A Potential Mechanism for Blood-Brain
Barrier Disruption After Stroke. Stroke 33, 1706-1711 (2002).

Pani, B. & Singh, B. B. Lipid rafts/caveolae as microdomains of calcium signaling. Cell Calcium 45, 625-633 (2009).

Stannard, K. A. et al. Galectin inhibitory disaccharides promote tumour immunity in a breast cancer model. Cancer Lett. 299,
95-110 (2010).

Oberg, C. T., Noresson, A.-L., Leffler, H. & Nilsson, U. J. Synthesis of 3-amido-3-deoxy-?-D-talopyranosides: all-cis-substituted
pyranosides as lectin inhibitors. Tetrahedron 67, 9164-9172 (2011).

Collins, P. M., Oberg, C. T, Leffler, H., Nilsson, U. J. & Blanchard, H. Taloside inhibitors of galectin-1 and galectin-3. Chem. Biol.
Drug Des. 79, 339-346 (2012).

Nagae, M. et al. Structural analysis of the recognition mechanism of poly-N-acetyllactosamine by the human galectin-9 N-terminal
carbohydrate recognition domain. Glycobiology 19, 112-117 (2009).

Saraboji, K. et al. The carbohydrate-binding site in galectin-3 is preorganized to recognize a sugarlike framework of oxygens: ultra-
high-resolution structures and water dynamics. Biochemistry 51, 296-306 (2012).

Li, S. et al. Sterical hindrance promotes selectivity of the autophagy cargo receptor NDP52 for the danger receptor galectin-8 in
antibacterial autophagy. Sci. Signal. 6, ra9 (2013).

Nesmelova, I. V. et al. Lactose binding to galectin-1 modulates structural dynamics, increases conformational entropy, and occurs
with apparent negative cooperativity. . Mol. Biol. 397, 1209-1230 (2010).

Salomonsson, E. et al. Mutational tuning of galectin-3 specificity and biological function. J. Biol. Chem. 285, 35079-35091 (2010).

ChemBioChem 14, 1331-1342 (2013).

Hirabayashi, J. et al. Oligosaccharide specificity of galectins: a search by frontal affinity chromatography. Biochim. Biophys. Acta
1572, 232-254 (2002).

Ideo, H., Seko, A., Ishizuka, I. & Yamashita, K. The N-terminal carbohydrate recognition domain of galectin-8 recognizes
specificglycosphingolipids with high affinity. Glycobiology 13, 713-723 (2003).

Walser, P. J. et al. Structure and functional analysis of the fungal galectin CGL2. Structure 12, 689-702 (2004).

Kuwabara, N. et al. Conformational change of a unique sequence in a fungal galectin from Agrocybe cylindracea controls glycan
ligand-binding specificity. FEBS Lett. 587, 3620-3625 (2013).

Finne, J. et al. Novel polyfucosylated N-linked glycopeptides with blood group A, H, X, and Y determinants from human small
intestinal epithelial cells. J. Biol. Chem. 264, 5720-5735 (1989).

Breimer, M. E., Hansson, G. C., Karlsson, K. A., Larson, G. & Leffler, H. Glycosphingolipid composition of epithelial cells isolated
along the villus axis of small intestine of a single human individual. Glycobiology 22, 1721-1730 (2012).

Massa, S. M., Cooper, D. N. W, Leffler, H. & Barondes, S. H. L-29, an endogenous lectin, binds to glycoconjugate ligands with
positive cooperativity. Biochemistry 32, 260-267 (1993).

Kabsch, W. XDS. Acta Crystallogr. D66, 125-132 (2010).

Battye, T. G. G., Kontogiannis, L., Johnson, O., Powell, H. R. & Leslie, A. G. W. iMOSFLM: a new graphical interface for diffraction-
image processing with MOSFLM. Acta Crystallogr. D67, 271-281 (2011).

Evans, P. R. An introduction to data reduction: space-group determination, scaling and intensity statistics. Acta Crystallogr. D67,
282-292 (2011).

CCP4. Collaborative Computational Project, Number 4. Acta Crystallogr. D50, 760-763 (1994).

Arnold, K., Bordoli, L., Kopp, J. & Schwede, T. The SWISS-MODEL Workspace: A web-based environment for protein structure
homology modelling. Bioinformatics 22, 195-201 (2006).

. McCoy, A.J. et al. Phaser crystallographic software. J. Appl. Cryst. 40, 658-674 (2007).
82.
83.

Murshudov, G. N. et al. REFMACS for the refinement of macromolecular crystal structures. Acta Crystallogr. D67, 355-367 (2011).
Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics. Acta Crystallogr. D60, 2126-2132 (2004).

SCIENTIFICREPORTS | 6:20289 | DOI: 10.1038/srep20289 12



www.nature.com/scientificreports/

84. Emsley, P, Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development of Coot. Acta Crystallogr. D66, 486-501 (2010).

85. Chen, V. B. et al. Molprobity: all-atom structure validation for macromolecular crystallography. Acta Crystallogr. D66, 12-21 (2010).

86. Sorme, P., Kahl-Knutsson, B., Huflejt, M., Nilsson, U. J. & Leffler, H. Fluorescence polarization as an analytical tool to evaluate
galectin-ligand interactions. Anal. Biochem. 334, 36-47 (2004).

87. Oberg, C. T, Blanchard, H., Leffler, H. & Nilsson, U. J. Protein subtype targeting through ligand epimerization: talose-selectivity of
galectin-4 and galectin-8. Bioorg. Med. Chem. Lett. 18, 3691-3694 (2008).

88. Carlsson, S. et al. Affinity of galectin-8 and its carbohydrate recognition domains for ligands in solution and at the cell surface.
Glycobiology 17, 663-676 (2007).

89. Afonine, P. V. et al. Towards automated crystallographic structure refinement with phenix.refine. Acta Crystallogr. D68, 352-367.

Acknowledgements

H.B. gratefully acknowledges the financial support from the Cancer Council Queensland (ID1080845). The MX2
beamline scientists at the Australian Synchrotron, Victoria, Australia are acknowledged for their support during
X-ray diffraction data collection.

Author Contributions

H.B. directed the research study. H.B. and K.B. conceived the research. K.B. performed cloning, expression,
purification, crystallisation and structure determination. H.L provided the clone of galectin-4N. H.L. and U.J.N.
performed fluorescence polarisation studies. K.B. and H.B. undertook analysis of the structures and prepared the
manuscript. All authors reviewed the manuscript.

Additional Information

Accession codes: Protein Data Bank: Atomic coordinates and structure factors have been deposited with
accession codes for galectin-4N CRD with bound glycerol (5DUU), lactose (5DUV), 3'SuL (5DUW) and 2'FL
(5DUX).

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Khuchtumur, B.-E. et al. Structural characterisation of human galectin-4 N-terminal
carbohydrate recognition domain in complex with glycerol, lactose, 3’-sulfo-lactose, and 2’-fucosyllactose.
Sci. Rep. 6,20289; doi: 10.1038/srep20289 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

o oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:20289 | DOI: 10.1038/srep20289 13


http://creativecommons.org/licenses/by/4.0/

	Structural characterisation of human galectin-4 N-terminal carbohydrate recognition domain in complex with glycerol, lactos ...
	Results and Discussion

	Overall structure of galectin-4N. 
	Galectin-4N-glycerol complex. 
	Galectin-4N-lactose complex. 
	Galectin-4N-lactose-3′-sulfate complex (3′SuL). 
	Galectin-4N-2′-fucosyllactose complex (2′FL). 

	Concluding remarks

	Materials and Methods

	Materials. 
	Purification, crystallisation and soaking of galectin-4N. 
	X-ray data collection and structure determination. 
	Measurement of galectin-4N affinity toward oligosaccharides. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Structure of galectin-4N.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Crystal structure of galectin-4N-glycerol complex.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Crystal structure of galectin-4N-lactose complex.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Crystal structure of galectin-4N-3′SuL complex.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Crystal structure of galectin-4N-2′FL complex.
	﻿Table 1﻿﻿. ﻿  X-ray crystallographic data collection and refinement statistics of galectin-4N-ligand complexes.
	﻿Table 2﻿﻿. ﻿  Binding affinity of galectin-4N towards various saccharides.



 
    
       
          application/pdf
          
             
                Structural characterisation of human galectin-4 N-terminal carbohydrate recognition domain in complex with glycerol, lactose, 3′-sulfo-lactose, and 2′-fucosyllactose
            
         
          
             
                srep ,  (2016). doi:10.1038/srep20289
            
         
          
             
                Khuchtumur Bum-Erdene
                Hakon Leffler
                Ulf J. Nilsson
                Helen Blanchard
            
         
          doi:10.1038/srep20289
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep20289
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep20289
            
         
      
       
          
          
          
             
                doi:10.1038/srep20289
            
         
          
             
                srep ,  (2016). doi:10.1038/srep20289
            
         
          
          
      
       
       
          True
      
   




