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Structure-based rationale 
for differential recognition 
of lacto- and neolacto- series 
glycosphingolipids by the  
N-terminal domain of human 
galectin-8
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Glycosphingolipids are ubiquitous cell surface molecules undertaking fundamental cellular processes. 
Lacto-N-tetraose (LNT) and lacto-N-neotetraose (LNnT) are the representative core structures for lacto- 
and neolacto-series glycosphingolipids. These glycolipids are the carriers to the blood group antigen 
and human natural killer antigens mainly found on blood cells, and are also principal components in 
human milk, contributing to infant health. The β-galactoside recognising galectins mediate various 
cellular functions of these glycosphingolipids. We report crystallographic structures of the galectin-8 N-
terminal domain (galectin-8N) in complex with LNT and LNnT. We reveal the first example in which the 
non-reducing end of LNT binds to the primary binding site of a galectin, and provide a structure-based 
rationale for the significant ten-fold difference in binding affinities of galectin-8N toward LNT compared 
to LNnT, such a magnitude of difference not being observed for any other galectin. In addition, the 
LNnT complex showed that the unique Arg59 has ability to adopt a new orientation, and comparison 
of glycerol- and lactose-bound galectin-8N structures reveals a minimum atomic framework for ligand 
recognition. Overall, these results enhance our understanding of glycosphingolipids interactions 
with galectin-8N, and highlight a structure-based rationale for its significantly different affinity for 
components of biologically relevant glycosphingolipids.

Glycosphingolipids are ubiquitous cell surface molecules containing, at minimum, a monosaccharide joined 
by a glycosidic linkage to either ceramide or sphingoid1. These glycolipid molecules are involved in the funda-
mental cellular processes such as cell adhesion and signal transduction, mediated through protein-protein or 
protein-carbohydrate interaction2. Lacto-N-tetraose (LNT) and Lacto-N-neotetraose (LNnT) are the tetrasac-
charides that form the core structural component of the lacto- and neo-lacto glycosphingolipid series, respec-
tively. LNT and LNnT differ only in the type of glycosidic linkage within the non-reducing end disaccharide 
(Galβ​1-3/4GlcNAc) (Fig. 1). Structurally, these tetrasaccharides also resemble poly-N-acetyllactosamine chains. 
The upregulation and modification of poly-N-acetyllactosamines into tumour-associated antigens is reported to 
be correlated with cancer progression3,4. The presence of galactose/N-acetylgalactosamine/fucose linked to the 
GlcNAc ring of these tetrasaccharide makes them equivalent to the core structural component of the blood group 
antigens. The lacto-/neolacto-series are also the carriers to some functional antigens such as blood group antigens 
and HNK-1 (human natural killer-1/CD57) antigens found on the hematopoietic cells and play important roles in 
the immune system5. The cell surface composition and presentation for these glycolipids vary in cancerous cells 
compared to normal cells, and also regulates the fate of tumour progression6.
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Galectins are a class of lectin that recognise β​-galactoside containing glycans, including the glycosphingo-
lipids7. Galectin-8 is a member of the tandem-repeat galectin category, having two CRDs in tandem that are 
joined by an amino acid linker of variable length. Galectin-8 was first identified in prostate8 and lung cancer 
cells9, and later found to be widely distributed in normal tissues as well as tumour cells10–14. Similar to other 
galectins, galectin-8 is present in the nucleus, the cytoplasm and the extracellular space15. Based on the cellular 
context, galectin-8 regulates integrin-mediated cell adhesion, growth, and apoptosis16–18. Induction of neutrophil 
adhesion is a unique feature of galectin-816,18. Galectin-8 has been shown to regulate T-cell homeostasis, exhib-
iting immunomodulatory and inflammatory roles with the implication in rheumatoid arthritis and uveitis19–23. 
Galectin-8 also plays a critical role in the capillary tube formation and endothelial cell migration in vitro and angi-
ogenesis in vivo24. The ability of this lectin to regulate the bone remodelling process, by increasing expression of 
RANKL in vitro and increased bone turnover in vivo, can be exploited for bone-loss diseases25. Further, galectin-8 
selectively recognises bacterial expressing blood group antigens26, with galectin-8C being shown to selectively 
recruit NDP52 to engulf the invading pathogens27.

Intracellularly, galectin-8 interactions are mainly protein-protein however it has significant interactions with 
glycans on the cell surface. At high concentrations, galectin-8 recognises a broad range of glycans28 whilst spe-
cifically recognising the blood group antigens at submicromolar concentrations26. The two CRDs of galectin-8, 
i.e. galectin-8N and galectin-8C, share ~40% sequence identity and exhibit differential glycan binding specifi-
cities. Galectin-8N recognises a broader spectrum of glycans compared to galectin-8C, and notably exhibits a 
preferential binding towards anionic sugars29. A significant contribution to the preferential binding of galectin-8 
towards 3′​-O-sulfate/3′​-O-sialylated lactose, determined using surface plasmon resonance, was attributed to the 
unique binding site residues of the galectin-8N29. The majority of galectin-8 structures reported to date are for 
its N-terminal domain (galectin-8N): in its apo form, bound to lactose, and also in complex with 3′​-O-sulfated 
lactose, 3′​-O-sialylated lactose and LNFIII30. However, a few galectin-8C structures also have been reported both 
in the apo (unpublished), and bound to NDP52 peptide31. Structural characterisation of the full-length galectin-8 
has been challenging due to high flexibility and protease susceptibility of the linker. Nevertheless, the structure of 
a truncated galectin-8 comprising a dipeptide linker joining the CRDs has been solved, and the truncated protein 
was shown to retain the neutrophil adhesion function as the intact full-length galectin-832.

The tetrasaccharide LNT and LNnT are major components of human milk, providing a source of carbohy-
drates to the infant and also acting as physiological and immunological regulators of the intestinal tract33–35. 
Being rich in galactose-based glycans (lactose in particular), their interaction with galactose-recognising proteins 
such as galectins is of special interest. Furthermore, a recent study reports a systematic analysis of interactions 
of various galectin-human milk glycans, highlighting the significance of their interactions in infant health36. 
Interestingly, one of the major milk glycans found to be recognised by galectin-8 was essentially LNnT with an 
additional disaccharide (LacNAc) joined by a β​1-3 linkage to the non-reducing end galactose. We have reported 
crystal structures of galectin-3 (4LBM37 and 4LBN37) and also galectin-4C (4YM038 and 4YLZ38) in complex with 
LNT and LNnT, providing atomic details of these protein-receptor interactions. Crystal structures of galectin-9N 
bound to LacNAc dimers, that structurally resemble LNnT (differing only by the N-acetyl group) have also been 
reported (2ZHK39 and 2ZHL39). Though these galectins all bind to both these glycosphingolipid core structures, 
they do show evidence of fine specificity amongst them, as well as between the N- and C-terminal CRD domains 
in the case of tandem-repeat galectins.

In this study, we have performed crystallographic analysis to gain atomic level information pertaining to 
the lacto- and neolacto-series glycosphingolipids interactions with galectin-8N. We provide a structure-based 
rationale for the difference in binding affinities of LNT and LNnT, based on the observed alternative bind-
ing modes. Molecular dynamics (MD) simulations performed on the galectin-8N-LNT complex revealed 

Figure 1.  LNT and LNnT oligosaccharide structures. The LNT type 1 and the LNnT type 2 cores, as well as 
the reducing and non-reducing ends of the disaccharides are indicated.
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interesting features in the binding site governing the recognition of oligosaccharide by galectin-8N. Comparison 
of the crystal structures reported in this study with previously reported galectins interacting with either these 
tetrasaccharides or similar ligands has led to an understanding of the nuances in binding modes and inter-
actions across the galectin family. Crystallographic analysis of galectin-8N-lactose and galectin-8N-glycerol 
complexes revealed the minimum atomic framework required by galectins for ligand recognition. The atomic 
details of the binding mode and associated interactions of naturally occurring cell surface oligosaccharides with 
cell-to-cell communicating agents, such as galectin-8N, provide systematic understanding of the molecular 
phenomena.

Results and Discussion
X-ray crystallographic structures of human galectin-8N were determined with bound LNT, LNnT, lactose, and 
glycerol at 1.58–2.00 Å resolution (Table 1).

Galectin-8N-LNT complex.  The galectin-8N CRD exhibits a typical β​-sandwich comprising two 
anti-parallel β​-sheets with the concave side housing the carbohydrate-binding site. The binding groove is formed 
from six beta strands labelled S1 to S6 (Fig. 2), with amino acids on strand S4-S6 forming the glycan recognition 
pocket (referred to as the “primary binding site”). The amino acids on strand S1-S3 form the extended bind-
ing site and are involved in recognising oligosaccharides (Fig. 2). The galectin-8N binding site contains a few 
unique residues which are either different or absent in other galectins. In galectin-8N the unique features are 
the presence of a long S3–S4 loop bearing an arginine (Arg59), the Gln47 on strand S3, Ile91 on S6, and Tyr141 
on S2 (Fig. 2). These unique features potentially contribute to imparting glycan recognition specificity and may 
thereby affect the overall function of galectin-8. The typical binding pattern of galectin-8N towards disaccharides 
(and effectively that of typical reducing-end interactions of larger oligosaccharides) is shown by our 1.9 Å reso-
lution lactose-bound structure (Fig. 3a, Supplementary Fig. S1), which we obtained by soaking lactose into an 
apo-galectin-8N-crystal (Table 1). The O4′​ of lactose engages in hydrogen bonding with His65, Asn67, Arg45, 
and Arg69; the O6′​ hydrogen bonds with Asn79, Glu89, and the glucose O3 interacts with Arg69 and Glu89. 

Galectin-8N-LNT Galectin-8N-LNnT Galectin-8N- Lactose Galectin-8N-Glycerol

Crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic

Space group P212121 P212121 P212121 P212121

Unit cell

a =​ 45.40, a =​ 47.17, a =​ 47.61, a =​ 47.40,

b =​ 49.61, b =​ 50.14, b =​ 50.40, b =​ 50.30,

c =​ 80.47* c =​ 69.86 c =​ 69.73 c =​ 69.39

Resolution (Å) 1.96 2.00 1.90 1.58

Total observations 99554 (7554) 96027 (7320) 119349 (7359) 182683 (7925)

Unique observations 12696 (929) 11695 (994) 13910 (934) 23530 (1110)

Multiplicity 7.8 (8.1) 8.2 (8.7) 8.6 (7.9) 7.8 (7.1)

Completeness (%) 93.7 (100) 99.6 (100) 100 (100) 100 (99.6)

I/σ​ 14.5 (11.8) 26.0 (11.4) 24.0 (8.9) 24.3 (7.3)

Rmerge (%) 11.2 (15.3) 5.7 (14.7) 5.9 (21.9) 4.6 (19.3)

Refinement

Resolution 42.23–1.96 40.73–2.00 40.85–1.90 40.73–1.58

R factor (%) 17.6 18.9 14.9 11.7

Rfree (%) 21.8 21.7 17.9 14.7

Number of atoms

Protein 1197 1178 1183 1201

Ligand 26 48 23 6

Water molecules 245 178 223 239

Root mean square deviation 

Bond length (Å) 0.0055 0.0086 0.0065 0.0105

Bond angle (ᵒ​) 1.1742 1.3969 1.2554 1.5338

Ramachandran plot statistics

Favoured (%) 98.56 97.93 98.61 97.84

Allowed (%) 1.44 2.07 1.39 2.16

Average B-factor (Å2) 

Protein 12.77 14.99 15.03 13.83

Ligand 20.95 18.47 21.81 27.32

Water 23.34 23.90 29.98 31.86

PBD ID 5T7T 5T7I 5T7S 5T7U

Table 1.   Crystallographic data for galectin-8N-ligand complex structures. The values in parenthesis are for 
the highest-resolution shell. *Note the increase in cell edge length compared to other complexes.
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Water-mediated interactions were also observed between the galactose O3′​ with the unique Arg59 and glucose 
O2 with Glu89 (Fig. 3b). The indirect interaction with the unique Arg59 is likely a contributing factor to the 
galectin-8 domain differences in binding affinity toward carbohydrates, as exemplified by galectin-8N having an 
affinity for lactose of 79 μ​M, compared to 440 μ​M by galectin-8C29. The binding mode of lactose observed in our 
structure is identical to previously reported galectin-8N-lactose bound [2YXS (unpublished), 3AP430] and that of 
other galectin lactose complexes, as would be expected due to the evolutionarily conserved galactose recognition 
residues.

The crystal structure of galectin-8N-LNT was obtained by soaking LNT into an apo-crystal, and determined 
at a resolution of 1.96 Å (Table 1). Electron density associated with the oligosaccharide was clearly visible only 
to the extent of revealing a disaccharide portion. Based on the structure of LNT, either the reducing end (Galβ​
1-4Glc) disaccharide, the non-reducing end (Galβ​1-3GlcNAc; type 1 core) disaccharide or the middle disaccha-
ride portion (GlcNAcβ​1–3 Gal) (Fig. 1) would have potential to bind at the primary binding site. Of these three 
possible disaccharides, the non-reducing end was identified to fit the electron density map. The clear bulge of the 
galactose O4′​ facing toward the Arg45 and Arg69, confirmed the presence of a galactose ring at the conserved 
galactose recognition site. Critically, the N-acetyl group of the GlcNAc was identified clearly in the electron den-
sity, and confirmed the location of this carbohydrate moiety (Fig. 4a, Supplementary Fig. S2). In addition, there 
is positive difference electron density extending at C1 of GlcNAc that implies the direction for the reducing end 

Figure 2.  Overview of galectin-8N carbohydrate recognition domain. (a) The CRD (yellow ribbons) 
showing the carbohydrate binding face of the β​-sandwich and the primary and extended binding regions 
labelled with strand S1–S6. (b) Depicts the amino acid residue (yellow carbon, oxygen red, nitrogen blue; stick 
representation) involved in glycan binding interactions.

Figure 3.  Galectin-8N in complex with lactose. (a) Electron density map (blue mesh) 2|Fo| − |Fc| α​c contoured 
at 1σ​, for lactose (carbon green, oxygen red; stick representation) in complex with galectin-8N (surface 
representation). (b) Hydrogen bonding interactions (grey dashed lines) made between lactose and galectin-8N 
binding site residues (carbon yellow, oxygen red and nitrogen blue; stick representation).
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disaccharide (Fig. 4a). The binding of LNT to galectin-8N is not influenced by crystal contacts, evident by a large 
solvent channel alongside the ligand-binding site. Interestingly, the unit cell parameters of the galectin-8N-LNT 
complex differs from the glycerol-, lactose-, LNnT-bound structures, with the unit cell edge length c increased by 
~10 Å whereas there is a decrease of ~2 Å in the cell edge length a (Table 1).

Thus in summary, the electron density map clearly shows that a galactose ring is stacked against the con-
served Trp86, with the β​1-3 linked GlcNAc occupying the adjacent position (that site occupied by glucose in 
galectin-lactose complexes) (Fig. 4a, Supplementary Fig. S2). This is the first report of the non-reducing end disac-
charide occupying the primary binding site, in place of the traditionally observed reducing end disaccharide, 
for the tetrasaccharide LNT. This mode of type 1 core binding has not been observed previously for any other 
galectin. The galactose ring portion of the non-reducing end type 1 core itself makes identical interactions to that 
traditionally exhibited by the galactose of lactose. Significantly though, the difference in the glycosidic linkage  
(β​1–3) of the type 1 core, as compared to β​1-4 in lactose (and type 2 core), leads to variation in the placement of 
the GlcNAc ring and differences in overall interaction profile. Surface plasmon resonance has shown a greater 
binding affinity for lactose (79 μ​M), over the type 1 core (160 μ​M)29. The GlcNAc ring is flipped by ~180° caus-
ing the N-acetyl group to be solvent exposed and not directly interacting with binding site residues, whilst the 
O4 directly hydrogen bonds with Arg69 and Glu89 and the O6 interacts with Glu89 through a water molecule 
(Fig. 4b). The nature of the glycosidic linkage and the placement of N-acetyl group are factors that influence the 
resulting binding affinity observed for type 1 core, which is weaker than for lactose, but stronger than for LacNAc 
(420 μ​M)29. Going from lactose to LacNAc results in a 5-fold weaker binding, but then changing from LacNAc to 
incorporate a β​1,3-linkage results in an affinity that is just 2-fold weaker than lactose and ~2.6-fold stronger than 
for LacNAc. Conformation of the type 1 core disaccharide (Type 1 N-Acetyl-lactosamine) bound to galectin-1 
(4XBL40), galectin-3 (4XBN40) and galectin-7 (4XBQ40), observed in crystal structures, also reveal an identical 
placement of the galactose ring, whereas the slight variation in the glycosidic torsional angle between the two rings 
results in different GlcNAc orientation. Given the higher average B-factor for GlcNAc (~19 Å2) as compared to 
the galactose ring (~14 Å2) observed in our structure, which is a similar trend to other galectin-glycan complexes, 
overall the binding conformation of the type 1 core appears to be comparable throughout the galectin family.

Molecular dynamics simulations of galectin-8N-LNT complex.  Differences in binding affin-
ities between the two tetrasaccharides with galectin-8 reported using two independent methods, suggested a 
weaker affinity of LNT compared to that of LNnT, that is particularly pronounced for the galectin-8N domain26,41 
(Table 2). For galectin-3, the affinities are relatively comparable with just a slight indication of weaker binding for 
LNT; but the magnitude of difference in the case of galectin-8N is significant (Table 2). In the case of galectin-3, 
both tetrasaccharides bind by their reducing ends, with the placement of the LNT non-reducing end galactose 
more exposed to solvent than for LNnT37. The implication for galectin-3 is that the different glycosidic linkages 
within the non-reducing end is not a dominating factor with respect to the overall binding affinities of these two 
tetrasaccharides. Our structure of galectin-8N with the LNT positioning its non-reducing end at the primary 
binding site is the first example of such a binding mode in galectins, and we propose that this alternative binding 
mode has could be the cause of the 10-fold magnitude of difference in the affinity that is reoproted between LNT 
and LNnT towards galectin-8N29.

Figure 4.  Galectin-8N in complex with LNT. (a) Electron density map (blue mesh) 2|Fo| − |Fc| α​c contoured 
at 1σ​, for the non-reducing end disaccharide (type 1 core) portion of LNT (carbon green, oxygen red; stick 
representation) in complex with galectin-8N (surface representation). Also represented is the possible position 
of the reducing end disaccharide of LNT (carbon grey, oxygen red; stick representation) directed into the 
solvent. (b) Hydrogen bonding interactions (grey dashed lines) made by the non-reducing end disaccharide of 
LNT (green carbon, oxygen red, nitrogen blue; stick representation) with the galectin-8N binding site residues 
(yellow carbon, oxygen red, nitrogen blue; stick representation).
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Tyrosine 141 on the S2 strand is unique to galectin-8N, and is strikingly different to the amino acid at that 
position in other galectins, examples being Asn (galectin-8C, galectin-9N), Asp (galectin-1, galectin-4N), Gln 
(galectin-4C), Gly (galectin-9C) and Ser in galectin-3. Interestingly, in galectin-8N this amino acid influences 
binding affinity of LNnT. This was demonstrated by a Tyr141Ser mutation that resulted in significant reduction 
in affinity for LNnT (20 μ​M) from that observed for wild-type galectin-8N (0.33 μ​M), as determined by fluores-
cence anisotropy42. Given the varied nature of this amino acid, that is positioned within the extended binding 
site region, coupled with the site-directed mutation which clearly shows it has influence on binding the tetrasac-
charide then here we investigated whether the Tyr141 at this position could prove crucial in defining the binding 
mode and profile of galectin-8N towards larger oligosaccharides, and in particular whether this Tyr141 would 
be responsible for the alternate binding mode observed for LNT. To investigate the behaviour of LNT bound to 
galectin-8N in solution, MD simulations were carried out. For all the galectin-8N-LNT simulations, the start-
ing LNT conformation used was from the galectin-3-LNT complex (4LBM37) where the typical behaviour of 
reducing end occupation of the primary binding site is exhibited (as in all other galectin-LNT structures). This 
approach would offer insight into why galectin-8N favoured instead binding to the non-reducing end of LNT. 
Furthermore, to investigate the influence of Tyr141 in the binding of LNT, the Tyr141Ala mutant of galectin-8N, 
and the galectin-3-LNT (4LBM) structure, were simulated. The analysis of MD results were mainly focused on 
the position and conformation of the non-reducing end disaccharide of LNT.

All the three systems considered here, specifically: wt-galectin-8N-LNT, Tyr141Ala-galectin-8N-LNT and 
galectin-3-LNT, showed retention of the ligand in the binding site throughout the length of the simulation. Of 
note is that the hydrogen bonding interactions made by the reducing end disaccharide of LNT with the con-
served binding site residues showed almost 100% occupancy. Interactions made by GlcNAc with galectin-8N 
were transient due to flexibility imparted by the highly fluctuating non-reducing galactose ring (Fig. 5a). When 
LNT is bound via its reducing end then this most flexible galactose is positioned above the Tyr141. In the case 
of the wt-galectin-8N-LNT simulation the Tyr141 was one of the most flexible residues, it initially stays flat and 
facing the protein surface but then flips-up by about 70° after approximately 1 ns of simulation (Fig. 5a). The 
non-reducing end galactose then moves further away from the protein surface to accommodate the flipped 
Tyr141 and becomes even more flexible, and more solvent exposed. We believe that this flipping of Tyr141 induces 
an overall shift in the ligand positioning that results in the non-reducing end occupying the primary binding site 
as we reveal in the galectin-8N-LNnT complex structure, and in contrast to other galectins-LNT complexes.

The results of the galectin-3-LNT complex (4LBM37) MD simulations, that have the reducing end of LNT 
occupying the primary binding site, supports our hypothesis pertaining to the galectin-8N-LNT complex. In 
the case of galectin-3, there is a serine (Ser235) in place of Tyr141. As anticipated, the non-reducing end galac-
tose in the galectin-3-LNT complex simulation was less fluctuating when compared with that observed in the 
wt-galectin-8N-LNT simulation (Fig. 5c). This relatively lower flexibility of the non-reducing end galactose ring 
possibly explains the occurrence of the reducing end galactose in the primary binding site in the galectin-3-LNT 
complex, unlike the alternative binding mode observed in galectin-8N-LNT complex. The presence of a smaller 
residue, for example the Ser in galectin-3 in place of Tyr, allows the non-reducing end galactose to relatively sta-
bilise more during simulation and thereby weakly interact with the protein surface which eventually results in the 
traditional scenario of the reducing end occupying the primary binding site.

To further support the impact of the size of the amino acid at the Tyr141 location, an in silico Tyr141Ala 
mutant was also subjected to MD simulation. The small side chain of alanine should not affect the non-reducing 
end galactose, and therefore we should see a more stable positioning of the non-reducing end galactose. The 
overlayed trajectory from simulations clearly show that the galactose ring was less flexible, and occupied just one 
conformation for the major part of the simulation, in contrast to the situation for the wt-galectin-8-LNT complex 
(Fig. 5b). Overall, the order of flexibility of the non-reducing end galactose ring, governed by the amino acid 
residue positioned beneath is: galectin-8N-LNT >​ galectin-3-LNT >​ Tyr141Ala-galectin-8N-LNT. We anticipate 
that this order predicts that the Tyr141Ala-galectin-8N-LNT complex is most likely to witness the binding mode 
observed for LNT bound to other galectins, where the reducing end of LNT occupies the primary binding site. 
Thus, the MD simulation analysis supports our novel crystallographic findings and identified a critical residue 
Tyr141 that may potentially play a key role in determining the alternative binding mode for galectin-8N-LNT 
complex.

Galectin-8N-LNnT complex.  The galectin-8N-LNnT complex was obtained by soaking LNnT into an 
apo-crystal, and the structure was determined at 2.0 Å (Table 1). The electron density maps showed unambiguous 
electron density for all the four sugars of the tetrasaccharide, and with the reducing end occupying the primary 
binding site (Fig. 6a, Supplementary Fig. S3). The lactose portion of LNnT retains the interactions observed 

Ligands

Galectin-8N Galectin-341

SPR‡29 FA‡42 FA‡41

Lactose 79 3.1 2.8

LacNAc 420 9.7 1.8

LNT 140 2.1 0.97

LNnT 13 0.33 0.65

Table 2.   Binding affinities (Kd μM) of oligosaccharides towards galectins29,41,61. ‡SPR - Surface Plasmon 
Resonance; ‡FA - Fluorescence Anisotropy.
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previously in the galectin-8N-lactose complex (Fig. 6b). The other two sugars of LNnT extend through a β​1-3 
linkage into the extended binding site of galectin-8N contacting residues on strand S3 and S2 (Fig. 3). Due to the β​
1–4 linkage within the non-reducing end disaccharide (type 2 core), as opposed to the β​1-3 linkage in LNT, all the 
four LNnT sugars stay close to the protein surface and interact with both the primary and the extended binding 
sites. The O6 of GlcNAc interacts with Gln47 and Asp49 (Fig. 6b) and O3 is pointing away from the binding site 
into the solvent. The non-reducing end galactose ring forms CH-π​ type interactions with Tyr141 and O2 engages 
in hydrogen bonding interactions with Asp49 (Fig. 6b). Arg59, is oriented away from the conserved Trp86, and 
may be involved in water-mediated interactions with the non-reducing galactose.

Figure 5.  Overlay of trajectories from MD simulations. The coordinates of ligand extracted from 
simulations (carbon green, oxygen red, nitrogen blue; line representation) were superimposed onto the starting 
conformation (green carbon, oxygen red, nitrogen blue; stick representation). (a) Simulation of wt-galectin-
8N-LNT complex. (b) Simulation of galectin-3-LNT complex. (c) Simulation of Tyr141Ala-galectin-8N-LNT 
mutant complex.

Figure 6.  Galectin-8N in complex with LNnT. (a) Electron density map (blue mesh) 2|Fo| − |Fc| α​c contoured 
at 1σ​, for LNnT (carbon green, oxygen red; stick representation) in complex with galectin-8N (surface 
representation). (b) Hydrogen bonding interactions (grey dashed lines) made by LNnT (green carbon; sticks) 
with the galectin-8N binding site residues (yellow carbon; sticks). (c–e) Superimposed (Cα atoms) conformation 
of LNnT observed in galectin-8N-LNnT complex with that of previously reported: (c) galectin-8N-LNFIII 
complex (3AP930: grey carbon; sticks), (d) galectin-3-LNnT complex (4LBN37: cyan carbon; sticks) and  
(e) galectin-4C-LNnT complex (4YLZ38: magenta carbon; sticks).
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LNFIII is a branched pentasaccharide that contains LNnT as a core structure with an additional α​1-3 linked 
fucose on the non-reducing end GlcNAc. The binding affinity of galectin-8N is stronger for LNFIII (3.3 μ​M) than 
for LNnT (13 μ​M)29. The crystal structure of galectin-8N-LNFIII complex (3AP9)30 revealed the structural basis 
for galectin-8N’s greater affinity for LNFIII than for LNnT. Essentially, the non-reducing end galactose and the 
branched fucose ring of LNFIII interact with the Tyr141 through CH-π​ type of interaction, enhancing binding 
affinity29. Overall, the conformation of the LNnT core of LNFIII in the galectin-8N-LNFIII complex, is identical 
to that observed in our galectin-8N-LNnT-complex (Fig. 6c). The identical ligand placement further supports 
that the decreased binding affinity of galectin-8N toward LNnT (13 μ​M) compared to LNFIII (3.3 μ​M) is due to 
the lack of a branched fucose ring on the GlcNAc in LNnT. Despite having identical ligand conformation, the ori-
entation of unique Arg59 on the long S3-S4 loop is different in our galectin-8N-LNnT complex to that seen in all 
the reported galectin-8N apo and ligand-bound structures. In the galectin-8N-LNnT complex, Arg59 is directed 
towards the non-reducing end galactose, whereas in the other structures, including the galectin-8N-LNFIII com-
plex, it faces towards the conserved Trp86 (Fig. 6c). In the galectin-8N apo and lactose-bound structures, the 
conformation of Arg59 appears to be uninfluenced by the presence of the ligand, and consequently stretches 
forward towards the conserved Trp86, further forming water-mediated interactions with the lactose. For the 
galectin-8N-LNFIII complex, the incoming ligand displaces the water molecule (located towards the 3′​ position 
of lactose) and causes the Arg59 to move slightly away from conserved Trp86, where it then interacts with the 
O4 of GlcNAc. However, for the galectin-8N-LNnT structure, the orientation of Arg59 is unique, and this finding 
may hold significance in ligand specificity.

To understand the differences in binding conformation within the galectin family, comparison was performed 
of the LNnT conformation observed in our structure with that in galectin-3-LNnT and galectin-4C-LNnT com-
plexes. In the case of galectin-3 (structure 4LBN37), amino acid differences (galectin-8N given in brackets) such 
as Arg186 (Ile91) on S6, Ala146 (Gln47) on S3, Ser237 (Tyr141) on S2 and importantly, the absence of the long 
S3-S4 loop, influence the positioning of LNnT and thereby cause a slight variation in the conformation to that 
found in the galectin-8N-LNnT complex (Fig. 6d). In contrast, the LNnT conformation in galectin-4C-domain 
(4YLZ38) differs to a significant extent from our galectin-8N-LNnT complex, possibly due to greater differences 
in the nature of the amino acids on strand S2. Gln313 (Tyr141 in galectin-8N, Ser237 in galectin-3) and Glu311 
(Gly139 in galectin-8N, Gly235 in galectin-3) are large in size and their aliphatic chain facing the carbohydrate 
binding site, compared to their counterparts in galectin-3. In contrast, in the case of galectin-8N, Tyr141 (Gln313 
in galectin-4C) although being a large amino acid, it has an aromatic side chain that stays parallel and forms 
CH-π​ type interactions with the incoming non-reducing end galactose ring. The presence of Gln313 and Glu311 
in galectin-4C thus may cause the change in glycosidic torsion angle within the non-reducing end disaccharide, 
compared to that observed in LNnT bound to galectin-8N. These differences cause the shift in the placement of 
the non-reducing end galactose, leading to the overall difference in the LNnT conformation when in complex 
with galectin-4C. Thus the significance of residues present in the extended binding site governs the positioning of 
oligosaccharides, and anticipated to affect their overall binding strengths towards galectins.

Galectin-8N-glycerol complex.  The cryoprotectant glycerol that was used during the cryo-cooling of the 
apo-galectin-8N crystal, soaked into the crystal and was unambiguously showed to occupy the galactose-binding 
site (Fig. 7a, Supplementary Fig. S4). Glycerol oxygen atoms engage in hydrogen bonding with His65, Arg69, 
Arg45, Asn79 and Glu89 whilst the carbon atom of glycerol makes van der Waal’s interactions with the con-
served Trp86 (Fig. 7b). The glycerol hydroxyls also form water-mediated hydrogen bonds with Arg45 (Fig. 7b). 
The most interesting revelation from the galectin-8N-glycerol complex comes from alignment of the glycerol 
conformation observed in our structure to that of the lactose conformation and positioning within the binding 
site. The alignment shows an exact overlap of three carbon atoms of glycerol onto C4′​, C5′​ and C6′​ atoms of the 
lactose’s galactose ring with the identical positioning of oxygen atoms (Fig. 7c). Interestingly, the position of 
oxygen atom of glycerol in our structure along with the presence of a water molecule (mimicking O3 of glucose 
in the lactose-bound structure) matches exactly with the previously highlighted hotspots for ligand recognition 
from the galectin-3-glycerol structure (2NMO43). The conformation of glycerol in our structure is also identical 
to that observed in other high-resolution galectin-3 structure (3ZSK44) and also in the galectin-4N structure 
(5DUU45). This indicates that the glycerol represents a moiety that exhibits key features desired for interaction by 
the galectins, though due to the smaller size, presence of only three hydroxyl groups and more importantly the 
lack of other key interactions (made by galactose) poses challenges in quantifying the glycerol binding affinity44. 
The similarity in the conformation of glycerol or water molecule location within the galactose recognition site 
of galectins suggests common hotspots required for ligand recognition throughout the family. This basic atomic 
framework together with other interactions made by galactose can be incorporated into ligand design strategies 
for identifying efficient binders of galectins.

Concluding Remarks.  Overall, the structures reported herein provide insight into the binding mode and 
interactions of lacto- and neolacto series glycosphingolipids with galectin-8N. The LNT and LNnT complex struc-
ture are biologically significant as they are principal components in human milk, and also form the core struc-
tural component of the blood group antigens. We demonstrate for the first time the occupancy of the primary 
binding site of galectin-8N by the non-reducing end disaccharide (thus an alternative binding mode) of the tet-
rasaccharide LNT, contrasting the reducing end binding traditionally observed for galectins. Hence we provide a 
structure-based rationale for the 10-fold weaker binding affinity of LNT towards galectin-8N, compared to LNnT. 
Amino acid differences in the extended binding site primarily governs the recognition of oligosaccharides and 
structures in the current study imply a preference of galectin-8N for neolacto-series (LNnT) over lacto-series 
(LNT) glycosphingolipids. MD simulations investigating the possible reasons for the alternative-binding mode 
for LNT to galectin-8N, highlighted Tyr141 as a critical residue governing the recognition of LNT. In addition, 
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we observed a novel orientation of Arg59, which is a unique residue on the S3-S4 loop, in the galectin-8N-LNnT 
complex that may further hold significance in ligand specificity. The observed binding mode of glycerol that 
matches key atoms of the defining galectin ligand of galactose, highlights minimal ligand atomic features for 
recognition by galectins. Unique amino acid residues such as Arg59, Gln47, Ile91 and Tyr141 are other potential 
hotspots to not only gain affinity but also to explore specificity. Overall, taking into account critical residues in 
the binding site and the information about minimal atomic features for recognition, more potent and specific 
ligands could be designed. In all, this study not only highlights preference of galectin-8N towards recognising 
neolacto-series over lacto-series glycosphingolipids implying specific roles for the galectin-8 over other galectins 
but also points to structural features that can potentially be exploited for specificity in ligand design.

Materials and Methods
Materials.  Oligosaccharides LNT and LNnT were purchased from Carbosynth Limited UK. Lactose was 
bought from Sigma US.

Sub-cloning, protein expression and purification.  The galectin-8N sequence encoded in pQE vector 
was amplified using a forward primer (5′​-G GAA TTC CAT ATG ATG TTG TCC TTA AAC AAC C-3′​) and a 
reverse primer (5′​-CGC GGA TCC CTA CGA GCT GAA GCT AAA ACC-3′​) with NdeI and BamHI restriction 
sites (sequence underlined) at 5′​ and 3′​ direction respectively. Double digestion of PCR product by NdeI and 
BamHI allowed sticky ends ligation into pET-3a vector resulting in pET-3a- galectin-8N encoding the untagged 
galectin-8N. The integrity of galectin-8N gene sequence inserted into pET-3a was assessed by Australian Genome 
Research Facility Ltd. (AGRF, Queensland, Australia). The bacterial culture grown in LB medium were induced 
using 1 mM IPTG (isopropyl β​-D-1 thiogalactopyranoside) at room temperature for 4 h when OD of the medium 
reached 0.6. Cells were harvested and sonicated in a lysis buffer (10 mM sodium phosphate, 137 mM sodium chlo-
ride, 2.7 mM potassium chloride, 1.8 mM potassium phosphate; PBS) containing 1 mM PMSF (phenylmethylsul-
fonyl fluoride). The released protein was applied onto the lactosyl-Sepharose column and eluted using 50 mM 
lactose solution.

Figure 7.  Galectin-8N in complex with glycerol. (a) Electron density map (blue mesh) 2|Fo| − |Fc| α​c 
contoured at 1σ​, for glycerol (carbon green, oxygen red; stick representation) in complex with galectin-8N 
(surface representation). (b) Hydrogen bonding interactions (grey dashed lines) made by glycerol (green 
carbon; sticks) with the galectin-8N binding site residues (yellow carbon; sticks). (c) Superimposition of the 
observed glycerol conformation (green carbon; sticks) in the galectin-8N-glycerol complex to that of lactose 
conformation (cyan carbon; sticks) in the galectin-8N-lactose complex.
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Crystallisation, X-ray data collection and structure determination.  The galectin-8N oligosaccha-
ride complexes were generated by soaking apo galectin-8N crystals in the presence of the LNT/LNnT/Lactose 
oligosaccharides. The apo galectin-8N crystals were formed in the phosphate buffer saline at 5 mg/mL (PBS) in 
the microcentrifuge tube over a period of one month in the refrigerator. These crystals were used for soaking oli-
gosaccharide dissolved in PBS at 20 mM concentration for about 18 hours. Diffraction data for all the complexes 
were remotely collected at the Australian Synchrotron using Blu-Ice software46 at 100 K with a wavelength of 
0.9537 Å, and ADSC Quantum detector. The data were integrated using iMOSFLM47, and the point group deter-
mination and scaling of the data was performed using AIMLESS48. The phases were solved using Phaser49 with the 
galectin-8N -apo structure (3AP530) as the search model. The model obtained was refined using REFMAC550,51 in 
CCP4 program suite52. Visualisation and model building was done in Coot53. Model validation and analysis were 
performed by MolProbity and PDB_REDO54,55.

Molecular dynamics simulation.  GROMACS version 4.5.656 was used for MD simulations with built-in 
AMBER99SB-ILDN force field57, as used for other galectins simulations37,38. Particle mesh Ewald method58 
was employed to compute long-range electrostatics. The ligand topology and parameters were generated using 
acpype59 applied with General Amber Force Field60 and AM1-BCC charges61. Initially, the protein-ligand com-
plex was minimized using the steepest-descent method followed by brief simulation at constant volume and then 
2-ns constant pressure equilibrations. Subsequently, 100 ns production run was carried out for the complex and 
analysis of results was carried out using the various script provided with GROMACS.
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