
CRICOS 00103D RTO 4909 Page 1 of 2 

 

 

 

Federation University ResearchOnline 
https://researchonline.federation.edu.au 
Copyright Notice 

 
 
This is the published version of: 

 
 
 
 
 
 
Sakthivel, D., Preston, S., Gasser, R. B., Costa, T. P. S. da, Hernandez, J. N., Shahine, A., Shakif-
Azam, M. D., Lock, P., Rossjohn, J., Perugini, M. A., González, J. F., Meeusen, E., Piedrafita, D., & 
Beddoe, T. (2020). The oligomeric assembly of galectin-11 is critical for anti-parasitic activity in 
sheep (Ovis aries). Communications Biology, 3(1), 464–464  
 
Available online:  https://doi.org/10.1038/s42003-020-01179-7   
  
 
 
 
 
 
 
Copyright @ The Author(s) 20202. This is an open-access article distributed under the terms of 
the Creative Commons Attribution License (CC BY 4.0) 
(http://creativecommons.org/licenses/by/4.0/).       The use, distribution or reproduction in other forums 
is permitted, provided the original author(s) or licensor are credited and that the original publication 
in this journal is cited, in accordance with accepted academic practice. No use, distribution or 
reproduction is permitted which does not comply with these terms. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

See this record in Federation ResearchOnline at: 
https://researchonline.federation.edu.au/vital/access/manager/Index 

https://researchonline.federation.edu.au/
https://doi.org/10.1038/s42003-020-01179-7
http://creativecommons.org/licenses/by/4.0/)
https://researchonline.federation.edu.au/vital/access/manager/Index


ARTICLE

The oligomeric assembly of galectin-11 is critical for
anti-parasitic activity in sheep (Ovis aries)
Dhanasekaran Sakthivel 1,2,3, Sarah Preston2, Robin B. Gasser4, Tatiana P. Soares da Costa5,

Julia N. Hernandez6, Adam Shahine1, M. D. Shakif-Azam2, Peter Lock 7, Jamie Rossjohn1,8,

Matthew A. Perugini5, Jorge Francisco González6, Els Meeusen 2, David Piedrafita1,2✉ & Travis Beddoe 1,3✉

Galectins are a family of glycan-binding molecules with a characteristic affinity for ß-D-

glycosides that mediate a variety of important cellular functions, including immune and

inflammatory responses. Galectin-11 (LGALS-11) has been recently identified as a mediator

induced specifically in animals against gastrointestinal nematodes and can interfere with

parasite growth and development. Here, we report that at least two natural genetic variants

of LGALS-11 exist in sheep, and demonstrate fundamental differences in anti-parasitic activity,

correlated with their ability to dimerise. This study improves our understanding of the role of

galectins in the host immune and inflammatory responses against parasitic nematodes and

provides a basis for genetic studies toward selective breeding of animals for resistance to

parasites.
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Galectins are proteins that specifically bind to β-galactoside
sugars. Currently, 15 galectins are recognised in mammals
and are encoded by LGALS genes. They include galectins-

1, -2, -3, -4, -7, -8, -9, -10 and -12 of humans, and galectins-5 and
-6 of rodents, and galectins-11, -14 and -15 of sheep and goats.
Galectins have been found also in other species of mammals, as
well as amphibians, birds, fish, nematodes, sponges and selected
fungi1. They are soluble proteins that function within or outside
of cells, and are present predominantly in the cytosol, nucleus,
and extracellular matrix or in lymph. Although some galectins are
secreted, they do not possess a classical (secretion) signal peptide,
and it is not yet known how these molecules are secreted1.

Mammalian galectins are known to mediate developmental
processes, including cell differentiation, tissue organisation2–4 and
regulate immune homoeostasis5,6. They modulate the recognition
and effector functions in innate immunity7, and bind glycans on
the surface of microorganisms and parasites8–14. Published evi-
dence9 shows that parasitic nematodes of the alimentary tract can
upregulate galectin expression in selected tissues in stomach, small
intestine and liver. In animals, for instance, nematode larvae
induce increased expression of galectin-11, which is produced by
epithelial cells and secreted into the gut lumen, coinciding with an
eosinophil-biased inflammatory response characteristically asso-
ciated with larval infection(s)9,15,16. As a functional analogue of
galectin-1, galectin-11 is proposed to cross-link glycans in mucus
to form a physical barrier against the parasite(s), as part of a
pronounced inflammatory response17,18. The exacerbated
expression of galectin-11 during challenge infection indicates that
this molecule is intimately involved in innate and adaptive
immune responses15.

Despite this knowledge, the molecular biology and function(s)
of galectin-11 are not understood. Gaining insights into the
structural biology of this galectin is central to beginning to
understand its function. In the present study, we explored the
structure of galectin-11 of sheep (Ovis aries), and assessed whe-
ther and how amino acid alterations in this galectin and asso-
ciated structural changes might affect its ability to interact with
Haemonchus contortus (order Strongylida)—a major eukaryotic
pathogen of the largest group of socioeconomically important
nematodes of vertebrates19. This study found that, the presence of
two genetic variants of LGALS-11 in sheep, and demonstrates
that the oligomeric property of this galectin is critical for its anti-
parasitic activity.

Results
Two isoforms of LGALS-11 detected in sheep. To explore
whether sequence variation in galectin-11 (designated LGALS-11)
occurs within O. aries, we sequenced this gene from 16 indivi-
duals (Merino breed) and deduced the amino acid sequences.
Two distinct isoforms (1 and 2) represented 9 and 7 sheep,
respectively (Fig. 1a). An alignment over 137 amino acids
revealed that the two LGALS-11 isoforms differed at 15 amino
acid positions (10.9%; Fig. 1a). We then explored the structure
and function of these isoforms.

Crystal structure of sheep LGALS-11. First, we solved the crystal
structure of LGALS-11 in apo form to 2.0 Å complexed with β-D-
galactose at 2.4 Å (Table 1). Both the apo form and the ligand-
bound crystals belongs to the space group of P212121, comprising
eight molecules in an asymmetric unit20, suggesting that LGALS-
11 can form higher order oligomers, like galectin-1 (refs. 21,22).
The LGALS-11 structure has two anti-parallel, six-stranded (S1,
8–12; S2, 34–41; S3, 50–58; S4 59–67; S5, 70–72; S6a, 75–79; S6,
121–128) and five-stranded (F1, 16–27; F2, 88–96; F3, 97–104; F4,
106–113; F6, 129–137) β-sheets23 with a typical galectin-fold

(Fig. 1b). The crystal structure of LGALS-11 has a folding pattern
that is similar to prototype galectins-1, -2 and -10, suggesting a
relatively conserved ligand-binding activity. LGALS-11 forms a
homodimer via hydrogen bonds between residues L9 and S11 of
monomers (i), and is inferred to have two unique cell attachment
sites (called LDV and RGD) for integrin binding (ii). The
asymmetric unit suggests that LGALS-11 can form higher order
oligomers, like galectin-1 (refs. 21,22).

Glycan recognition by LGALS-11. Complexing LGALS-11 with
β-D-galactose allowed us to identify residues critical for glycan
binding. This galactose bound directly to the residues present in
the four adjacent strands (S3, S4, S5 and S6) on the concave face
of one β-sheet (Fig. 1b). The glycan-binding groove expands from
residues 50–74 (β4–β8 strands), and the carbohydrate-
recognising residues (i.e., 54 R, 62 V, 64 N, 71W and 74 E)
within the carbohydrate recognition domain (CRD; Fig. 1c) are
conserved, as expected of mammalian galectins23.

In a structure-based alignment of these 16 LGALS-11
sequences, we identified a polymorphism at residue 9 (L/Q;
Fig. 1a), within the glycan-binding domain and cell attachment
domain. The glycan-binding domain (residues 53–74) of isoform
1 harboured highly hydrophobic residues (65–81; Fig. 2),
consistent with other known galectins1,24,25. Variability in the
glycan-binding groove (60 I/M, 65 T/A, 72 G/E and 75Q/E) of
isoform 2 related to differences in hydrophobicity and electro-
static potential in the CRD (Fig. 2), suggesting that this isoform
has a lower affinity for β-D-galactosides than isoform 1, and that
it can interact with distinct glycans.

Effect of sequence variation on quaternary structure. To test
the hypothesis that an amino acid change at position 9 alters the
quaternary structure of LGALS-11, we first estimated the sedi-
mentation velocities of recombinant isoforms 1 and 2. The c(s)
distributions (Fig. 3) at concentrations of 0.10, 0.30 and 0.90 mg/
ml showed that isoform 1 is represented by a tetramer at all
concentrations tested (sedimentation coefficient: 4.0 S), whereas
isoform 2 is in a monomer–dimer equilibrium (sedimentation
coefficients: 1.64 S and 2.5 S, respectively; Supplementary
Table 1). To verify the tetrameric organisation of isoform 1, we
then mutated residues L9 and S11 to alanine, produced a
recombinant dimerisation mutant (DI-m) protein and assessed
the sedimentation velocity of this protein. This DI-m protein
exists as a monomer–dimer equilibrium (sedimentation coeffi-
cients: 1.1 S (monomer) and 1.7 S (dimer), respectively), similar
to isoform 2 (Supplementary Table 1).

Effect of quaternary structure on biological function. To eval-
uate whether quaternary structure related to biological function, we
exposed exsheathed third-stage larvae (xL3s) of H. contortus to the
tetrameric isoform 1 or monomeric–dimeric isoform 2 (in solu-
tion) and assessed the effect of each isoform on the development of
xL3s to the fourth-stage larvae (L4s) of H. contortus. In an initial
experiment, galectin isoforms were tested at different doses
between 0.009 and 2.5 mg/ml, and doses >0.75mg/ml were shown
to have biological effects after 24 h incubation. Hence further
bioassays were tested at 1.0 mg/ml concentration of galectins. Most
xL3s (85%) exposed to isoform 1 did not develop to L4s, whereas
those exposed to isoform 2 developed normally (Fig. 4a). The
incubation of (in vitro-raised) L4s with isoform 1 for 72 h repro-
ducibly induced pronounced cuticular damage, a shrunken soma
and an accumulation of internal granules in ≥95% of larvae, ulti-
mately leading to larval destruction (Fig. 4b). By contrast, incu-
bation of L4s with isoform 2 resulted in very limited internal or
cuticular damage in <10% of larvae after 72 h (Fig. 4b).
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Discussion
Here, we revealed the structure of LGALS-11 and showed that
particular, single amino acid changes in this galectin can sub-
stantially alter this molecule’s oligomeric assembly and its inter-
action with a parasitic worm (H. contortus) in vitro under well-
controlled conditions. The findings from this investigation are
likely to have important implications for understanding the

fundamental molecular mechanisms of galectin-mediated parasite
cytotoxicity.

The LGALS-11 crystal structure enabled the localisation of the
precise residue variation in the dimer interface connecting β-
strands of two monomers, the glycan-binding groove and the
putative integrin-binding site. The residue substitution from a
hydrophobic residue (leucine) in isoform 1 to a polar or charged
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residue (glutamine) in isoform 2 is likely to hinder dimer for-
mation, and energetically favour contact with water rather than
the complementary polar (serine) residue (S11) to form a
homodimer. Through sedimentation velocity studies, we con-
firmed that the residue substitution in the dimer interface affects
the homodimers and subsequent oligomerisation of LGALS-11.
Dimerisation of prototype galectins (as is LGALS-11) are reported
to be critical for their function; for example, the dimeric form of
galectin-1 induces cell death (apoptosis), whereas the monomeric
form does not26,27. As the quaternary structure and oxidation
status of galectins alter ligand-binding and cross-linking
properties21,28,29, modulation of LGALS-11 dimerisation might
obviate galectin–glycan lattice formation and glycan preference of
isoform 2.

In contrast to most galectins that are constitutively expressed
and have multiple biological functions, the expression of LGALS-
11 in the gut epithelium appears only to be induced by parasites
and pregnancy15,16,30–33. This information suggests a specific role
of this molecule in these pathological and physiological processes.
Studies of the protective immune response against H. contortus

have shown secretion of LGALS-11 in stomach (abomasal) mucus
around the time that L3s moult to L4s, with LGALS-11 levels
remaining elevated during infection with the adult stage of the
pathogen33. Subsequent studies9,17 showed that LGALS-11 could
remarkably interfere with the moulting process to L4, and with
the growth of this stage. The transition of L3s to L4s requires
structural development facilitated by secretory processes34,35 and
takes place in the crypts of the abomasum, where the L4s are in
close contact with the epithelial cells that are known to secrete
LGALS-1115. Parasite stages, recovered in vivo from the aboma-
sum of infected sheep, were found to be already covered with
native galectin-119. Viability loss and death of larvae in vivo were
also associated with appearance of vacuoles and the cuticles
shrunken away from their sheaths 34,36. We have replicated these
in vivo observations, with our in vitro studies and suggest that the
mechanisms identified with recombinant galectin-11 in vitro can
occur in vivo. In addition, we demonstrated that only the
homotetrameric form of LGALS-11 inhibits H. contortus larval
development, and causes direct damage to the surface of the L4,
an indication of loss of viability and death36. No anti-parasitic
activity was detected for isoform 2 or the dimerisation interface
(DI-m) or carbohydrate recognition (CRD-m) mutant, indicating
that extended oligomerisation or lattice formation via self-
dimerisation and glycan recognition properties is critical for the
anti-parasitic effect. Lattice formation by lectins is reported to be
responsible for trapping and killing of free-living nematodes by
nematophagous fungi13,26,37, and a similar mechanism might be
involved here.

Variable genetic resistance to H. contortus and related worms,
both within and between breeds, is well known38,39, but the
molecular basis for this variation has not yet been established38,40.
The discovery of at least two natural isoforms of LGALS-11 and
their distinctly different anti-parasitic activities encourage future
work to explore whether each indeed confers anti-parasite resis-
tance or susceptibility. This could be done, for example, by
conducting a large-scale study of allelic variation in LGALS-11 in
populations of H. contortus-resistant and H. contortus-susceptible
sheep38, to test the hypothesis that quaternary structure of
LGALS-11, determined by an alteration at position 9, confers
natural resistance in sheep against H. contortus. Establishing an
unequivocal link with resistance or susceptibility could aid the
selective breeding of sheep for resistance to parasites, achieving
natural parasite control, and circumventing substantial problems
associated with anthelmintic resistance in H. contortus and rela-
ted parasites41. To the best of our knowledge, for the first time
this study demonstrates, the presence of two genetic variants of
LGALS-11 and demonstrates that the oligomeric property of this
galectin is critical for its anti-parasitic activity. Further studies are
needed to explore whether such gene variation plays a critical role
in the relative resistance of the host to parasite infection.

Methods
Molecular cloning of LGALS-11. The cDNAs encoding LGALS-11 were PCR
amplified from RNAs extracted from the stomach (abomasum) walls from 8–12-

Fig. 1 The crystal structure of LGALS-11. a Structure-based sequence alignment of LGALS-11 natural isoforms. Conserved residues are indicated by white
letters with black background, the dissimilar amino acids are indicated by black letters on a white background. The dimer interface is indicated by the black
triangles (residue 9 L/Q). An amino acid difference in the putative integrin-binding site is denoted by the grey triangle (residue 124 D/V). Carbohydrate-
recognising residues are indicated by blue asterisks. The secondary structures are indicated as beta (β) sheets with horizontal black arrows, turns with TT
letters and helices with squiggles. b The crystal structure of LGALS-11, and residues involved in cell attachment. The dimer interface between monomers at
residues L9 and S11 of the S1 β-strand via hydrogen bonds in a ball-and-stick representation; β-strands are labelled as S1–S6 and F1–F5 in both monomers (i).
Predicted cell attachment residues (L123, D124, V125, R126, G127 and D128) of LGALS-11 in a ball-and-stick representation within the rectangle (red dashed
line) (ii). c Residues in LGALS-11 are involved in glycan recognition. The residues R53, N64 and E74 of LGALS-11 make direct contact with β-D-galactose via
hydrogen bonding (green dashes), and V62 and W71 make non-bonded contact. Image produced using PDBsum server (https://www.ebi.ac.uk/pdbsum/).

Table 1 Data collection and refinement statistics of galectin-
11 protein crystals.

Gal11 (apo) Gal11 (complex)

Data collection
Space group P212121 P212121
Cell dimensions

a, b, c (Å) 96.17, 127.45, 141.41 96.11, 127.43, 140.33
α, β, γ (°) 90, 90, 90 90, 90, 90

Resolution (Å) 38.38–2.00 47.17–2.40
Rmerge 0.20 (1.04) 0.27 (1.27)
I/σI 6.6 (1.9) 7.3 (1.8)
Completeness (%) 98.6 (95.4) 99.4 (98.5)
Multiplicity 7.9 (6.4) 6.7 (6.4)

Refinement
Resolution (Å) 33.38–2.0

(2.07–2.0)
43.91–2.397
(2.48–2.39)

Total no. reflections 915,448 (35,018) 312,511 (28,539)
Total no. unique 115,747 (11,080) 68,269 (6720)
Rwork/Rfree (%) 19.2/23.8 16.04/20.91
No. atoms
Protein 8482 8519

Ligand/ion 30 60
Water 1478 1063

B-factors 16.26 22.26
R.M.S. deviations

Bond lengths (Å) 0.007 0.007
Bond angles (°) 0.96 0.89

Ramachandran plot (%)
Favoured 98.48 97.94
Allowed region 1.33 2.06
Disallowed region 0.19 0.00

Each data was collected from a single crystal.
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Fig. 2 Visualisation of surface hydrophobicity, and electrostatic properties of the LGALS-11 complex with β-D-galactose. Amino acid substitution in a
surface representation of hydrophobicity (a, b) and electrostatic properties (c, d) of residues in isoforms 1 and 2 of LGALS-11 are labelled with a one letter
code and position. The glycan-binding groove is highlighted and defined by dotted lines. The hydrophobicity properties of amino acids are indicated using
the Kyte and Doolittle hydrophobicity scale; the most polar residues are in medium purple and the most hydrophobic residues are in tan in the surface
representation. The electrostatic potential ranges from negative (red) to positive (blue). The surface properties of isoform 2 was derived by mutating the
residues in the crystal structure of isoform 1 to isoform 2, using the COOT tool. The hydrophobicity and Coulombic electrostatic potential of both isoforms
1 and 2 were displayed using the surface colouring feature of the UCSF Chimera tool (v.1.10.2).
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month old Merino sheep (O. aries; n= 16) with mixed sex, and cloned into a
modified pET-28 vector (m-pET-28) using an established method20. Clones
representing all 16 individual animals were directly sequenced, and insert
sequences verified by direct Sanger sequencing42. The similarity and secondary
structures of sequences were inferred using the online tool ESPript-3.0 (ref. 43). The
LGALS-11 sequences (accession nos. MH069213 and MH069214) representing
isoforms 1 and 2, respectively, were deposited in the NCBI database.

Mutagenesis. The cDNAs of two synthetic mutants of LGALS-11 were con-
structed (Bioneer Pacific, Australia). For mutant 1 (mutation in dimer interface
designated as (DI-m)), an alanine was substituted for each of the leucine or glu-
tamine (Q/L9A), and serine (S11 A) residues in the dimer interface domain
(Fig. 1a). For mutant 2 (mutation in CRD designated as CRD-m), an alanine was
substituted for each of the residues P51A, R53A, W55A, V62A, N64A, W71AE74A

and K76A in the carbohydrate-recognising domain (Fig. 1a). Each of the two
cDNAs was cloned into m-pET-28 using a ligation-independent approach44, and
insert sequences verified by direct sequencing42.

Recombinant expression and purification LGALS-11 isoforms. Recombinant
LGALS-11 isoforms 1 and 2, as well as the mutants DI-m and CRD-m were each
expressed in Escherichia coli strain BL21 (DE3), purified using established meth-
ods20 and stored at −80 °C until use.

Measuring sedimentation velocity. LGALS-11 isoforms 1 and 2 (0.10, 0.30 and
0.90 mg/ml) were each dissolved in Tris buffer (20 mM Tris-HCL pH 8.0, 100 mM
NaCl, 0.5 mM TCEP pH 8.0) and their sedimentation velocities established using
analytical ultracentrifuge (model XL-I, Beckman), equipped with a photoelectric
optical absorbance system. Protein (380 μl) and reference (400 μl) samples were

Fig. 3 Sedimentation velocity analysis of LGALS-11 isoforms 1 and 2. The continuous sedimentation coefficient [c(s)] distribution is plotted as a function
of the standardised sedimentation coefficient at 0.10, 0.30 and 0.90mg/ml, as indicated. Continuous size-distribution analysis was performed using the
programme SEDFIT at a resolution of 200, with Smin= 0.5 S, Smax = 10 S, at a P-value of 0.95 for isoforms 1 and 2. Data are representative of three
replicates.

Fig. 4 Anti-parasitic activity of LGALS-11 isoforms on H. contortus. a The effect of LGALS-11 isoform 1 on H. contortus larval development. Exsheathed
larval stages (xL3s) were incubated with LGALS-11 isoform 1 or 2, or carbohydrate recognition domain mutant (CRD-m) or dimer interface mutant (DI-m)
for 7 days at 0.009–2.5 mg/ml concentration. L4 development was recorded microscopically. Control larvae were incubated for the same time only in the
buffer used to resuspend individual LGALS-11 proteins. b Pathological changes observed in the L4 stage of H. contortus incubated with LGALS-11 isoform 1.
Images showing representative phenotypes of L4 larvae following incubation with LGALS-11 isoform 1 or 2, or mutant CRD-m or DI-m for 3 days (1 mg/ml);
control larvae were incubated for the same time only in the buffer used to resuspend individual LGALS-11 proteins. Extensive structural damage was
observed in larvae incubated with isoform 1 at 1 mg/ml concentration. Scale bar= 20 μm.
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loaded into a conventional double-sector quartz cell, mounted in a Beckman An-60
Ti rotor and centrifuged at 120,000 × g at 20 °C. Data were collected at 280 nm in
the continuous mode using a step size of 0.003 cm. Solvent density (1.00498 g/ml at
20 °C) and viscosity (1.002 cp at 20 °C), and estimates of the partial specific volume,
V_(0.744815 ml/g and 0.74269 ml/mg for isoforms 1 and 2, respectively, at 20 °C),
were computed using the programme SEDNTERP45. Sedimentation velocity data
at multiple time points were fitted to a continuous size-distribution model46–48

using the programme SEDFIT47. The three independent experiments were
performed.

Crystallisation and X-ray diffraction analysis. Recombinant LGALS-11 protein
was purified, crystallised and diffraction data collected in Australian synchrotron as
described20. The data were processed with MOSFLM and scaled using the pro-
gramme AIMLESS of the CCP4 program suite. The initial phases for LGALS-11
were obtained by PHASER using the coordinates of human galectin-10 (Charcot-
Leyden crystal protein; PDB code: 1QKQ)49. Crystallographic refinement was done
using PHENIX50, and modelling was conducted using COOT v. 8.0 (ref. 51). The
PDB structure coordinates were validated using MOLPROBITY52, and crystal-
lographic images were drawn using PYMOL and UCSF chimera. The atomic
coordinates and observed structural factors have been deposited (under codes
6N3R and 6N44, respectively) in the Research Collaboratory for Structural
Bioinformatics PDB.

Bioassay. A well-established bioassay for H. contortus was used9. In this assay,
each recombinant isoform (n= 2) and mutant (n= 2) of LGALS-11 was tested (in
triplicate) on xL3 and L4 stages, using an irrelevant protein and Tris buffer (pH
7.4) as controls. This was done by adding individual recombinant proteins in Tris
buffer (50 µl) at a serial concentration of 0.009 to 2.5 mg/ml (two steps) to wells
each containing 300 xL3s or L4s in DMEM (pH 7.4), and incubated at 37 °C and
10% (v/v) CO2. The motility of xL3s in individual wells was measured after 72 h,
and the growth, development and morphology of L4s were assessed after 7 days.

Ethics approval and consent to participate. Handling of animals and experi-
mental procedures were approved by the Monash University Animal Ethics
Committee (Ethics # SOBSA/P/2009/44).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The information supporting the conclusions of this article is included in the article. The
atomic coordinates and observed structural factors have been deposited (under codes
6N3R and 6N44, respectively) in the Research Collaboratory for Structural
Bioinformatics PDB. The LGALS-11 sequences (accession nos. MH069213 and
MH069214) representing isoforms 1 and 2, respectively, were deposited in the NCBI
database. Source data underlying plots shown in Fig. 3 are provided in Supplementary
Data 1. The authors declare that the data supporting the findings of this study available
within the paper, any other relevant data in this study available from the corresponding
authors on reasonable request.

Received: 18 November 2019; Accepted: 27 July 2020;

References
1. Cooper, D. N. W. Galectinomics: finding themes in complexity. Biochim.

Biophys. Acta 1572, 209–231 (2002).
2. Vasta, G. R., Ahmed, H., Du, S.-J. & Henrikson, D. Galectins in teleost fish:

zebrafish (Danio rerio) as a model species to address their biological roles in
development and innate immunity. Glycoconj. J. 21, 503–521 (2004).

3. Abedin, M. J., Kashio, Y., Seki, M., Nakamura, K. & Hirashima, M. Potential
roles of galectins in myeloid differentiation into three different lineages. J.
Leukoc. Biol. 73, 650–656 (2003).

4. de Oliveira, F. L. et al. Lack of galectin-3 modifies differentially Notch ligands
in bone marrow and spleen stromal cells interfering with B cell differentiation.
Sci. Rep. 8, 3495 (2018).

5. Ge, X. N. et al. Regulation of eosinophilia and allergic airway inflammation by
the glycan-binding protein galectin-1. Proc. Natl Acad. Sci. USA 113, E4837
(2016).

6. Blidner, A. G., Méndez-Huergo, S. P., Cagnoni, A. J. & Rabinovich, G. A. Re-
wiring regulatory cell networks in immunity by galectin–glycan interactions.
FEBS Lett. 589, 3407–3418 (2015).

7. Sato, S., Bhaumik, P., St-Pierre, G. & Pelletier, I. Role of galectin-3 in the initial
control of leishmania. Infection 34, 147–175 (2014).

8. Young, A. R., Barcham, G. J., McWilliam, H. E., Piedrafita, D. M. & Meeusen,
E. N. Galectin secretion and binding to adult Fasciola hepatica during chronic
liver fluke infection of sheep. Vet. Immunol. Immunopathol. 145, 362–367
(2012).

9. Preston, S. J. M., Beddoe, T., Walkden-Brown, S., Meeusen, E. & Piedrafita, D.
Galectin-11: A novel host mediator targeting specific stages of the
gastrointestinal nematode parasite, Haemonchus contortus. Int. J. Parasitol.
45, 791–796 (2015).

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

11. Fowler, M., Thomas, R. J., Atherton, J., Roberts, I. S. & High, N. J. Galectin-3
binds to Helicobacter pylori O-antigen: it is upregulated and rapidly secreted
by gastric epithelial cells in response to H. pylori adhesion. Cell. Microbiol. 8,
44–54 (2006).

12. Pineda, M. A., Corvo, L., Soto, M., Fresno, M. & Bonay, P. Interactions of
human galectins with Trypanosoma cruzi: Binding profile correlate with
genetic clustering of lineages. Glycobiology 25, 197–210 (2015).

13. Yang, M.-L. et al. Galectin-1 binds to influenza virus and ameliorates influenza
virus pathogenesis. J. Virol. 85, 10010–10020 (2011).

14. Benatar, A. F. et al. Galectin-1 prevents infection and damage induced by
Trypanosoma cruzi on cardiac cells. PLoS Negl. Trop. Dis. 9, e0004148 (2015).

15. Dunphy, J. L. et al. Isolation and characterization of a novel inducible
mammalian galectin. J. Biol. Chem. 275, 32106–32113 (2000).

16. Hoorens, P. et al. Galectin-11 induction in the gastrointestinal tract of cattle
following nematode and protozoan infections. Parasite Immunol. 33, 669–678
(2011).

17. Preston, S., Dunphy, J., Beddoe, T., Meeusen, E. & Young, A. In Galectins:
Methods and Protocols (eds Stowell S. R. & Cummings R. D) 371–395
(Springer, New York, 2015).

18. Vasta, G. R. Roles of galectins in infection. Nat. Rev. Microbiol. 7, 424–438
(2009).

19. Gasser, R. B. & Samson-Himmelstjerna, G. V. In Advances in Parasitology, Vol
93 (eds Gasser R. B. & Samson-Himmelstjerna G. V.) i (Academic, 2016).

20. Sakthivel, D. et al. Cloning, expression, purification and crystallographic
studies of galectin-11 from domestic sheep (Ovis aries). Acta Crystallogr. Sect.
F 71, 993–997 (2015).

21. Cho, M. & Cummings, R. D. Galectin-1: oligomeric structure and interactions
with polylactosamine. Trends Glycosci. Glycotechnol. 9, 47–56 (1997).

22. Morris, S. et al. Quaternary solution structures of galectins-1, −3, and −7.
Glycobiology 14, 293–300 (2004).

23. López-Lucendo, M. F. et al. Growth-regulatory Human galectin-1:
crystallographic characterisation of the structural changes induced by single-
site mutations and their impact on the thermodynamics of ligand binding. J.
Mol. Biol. 343, 957–970 (2004).

24. Seetharaman, J. et al. X-ray crystal structure of the human galectin-3
carbohydrate recognition domain at 2.1-Å resolution. J. Biol. Chem. 273,
13047–13052 (1998).

25. Song, C. et al. Identification of key amino acid residues determining ligand
binding specificity, homodimerization and cellular distribution of human
galectin-10. Glycobiology 29, 85–93 (2018).

26. Levroney, E. L. et al. Novel innate immune functions for galectin-1: galectin-1
inhibits cell fusion by nipah virus envelope glycoproteins and augments
dendritic cell secretion of proinflammatory cytokines. J. Immunol. 175,
413–420 (2005).

27. Perillo, N. L., Pace, K. E., Seilhamer, J. J. & Baum, L. G. Apoptosis of T cells
mediated by galectin-1. Nature 378, 736–739 (1995).

28. Guardia, C. M. et al. Structural basis of redox-dependent modulation of
galectin-1 dynamics and function. Glycobiology 24, 428–441 (2014).

29. Bleuler-Martinez, S. et al. Dimerization of the fungal defense lectin CCL2 is
essential for its toxicity against nematodes. Glycobiology 27, 486–500 (2017).

30. Gray, C. A. et al. Discovery and characterization of an epithelial-specific
galectin in the endometrium that forms crystals in the trophectoderm. Proc.
Natl Acad. Sci. USA 101, 7982–7987 (2004).

31. Gray, C. A., Dunlap, K. A., Burghardt, R. C. & Spencer, T. E. Galectin-15 in
ovine uteroplacental tissues. Reproduction 130, 231–240 (2005).

32. Lewis, S. K. et al. Galectin 15 (LGALS15): a gene uniquely expressed in the
uteri of sheep and goats that functions in trophoblast attachment. Biol.
Reprod. 77, 1027–1036 (2007).

33. Robinson, N., Pleasance, J., Piedrafita, D. & Meeusen, E. N. The kinetics of
local cytokine and galectin expression after challenge infection with the
gastrointestinal nematode, Haemonchus contortus. Int. J. Parasitol. 41,
487–493 (2011).

34. Veglia, F. The anatomy and life history of the Haemonchus contortus. 3rd
and 4th Rep Dir Vet Res. 347–500 (1915).

35. Sommerville, R.I. The development of Haemonchus contortus to the fourth
stage in vitro. Journal of Parasitology52, 127–136 (1966).

36. Ríos-de Álvarez, L. et al. In vitro screening of plant lectins and tropical plant
extracts for anthelmintic properties. Vet. Parasitol. 186, 390–398 (2012).

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-020-01179-7 ARTICLE

COMMUNICATIONS BIOLOGY |           (2020) 3:464 | https://doi.org/10.1038/s42003-020-01179-7 | www.nature.com/commsbio 7

www.nature.com/commsbio
www.nature.com/commsbio


37. Gupta, S. K., Masinick, S., Garrett, M. & Hazlett, L. D. Pseudomonas
aeruginosa lipopolysaccharide binds galectin-3 and other human corneal
epithelial proteins. Infect. Immun. 65, 2747–2753 (1997).

38. Piedrafita, D., Raadsma, H. W., González, J. & Meeusen, E. Increased
production through parasite control: can ancient breeds of sheep teach us new
lessons? Trends Parasitol. 26, 568–573 (2010).

39. Guo, Z. et al. Possible mechanisms of host resistance to Haemonchus
contortus infection in sheep breeds native to the Canary Islands. Sci. Rep. 6,
26200–26200 (2016).

40. Nisbet, A. J., Meeusen, E. N., González, J. F. & Piedrafita, D. M. In Advances in
Parasitology, Vol 93 (eds Robin, B. G. & Georg Von, S.-H.) 353–396
(Academic, 2016).

41. Kotze, A. C. & Prichard, R. K. In Advances in Parasitology, Vol. 93 (eds Robin,
B. G. & Georg, Von S.-H.) 397–428 (Academic, 2016).

42. Sanger, F., Nicklen, S. & Coulson, A. R. DNA sequencing with chain-
terminating inhibitors. Proc. Natl Acad. Sci. USA 74, 5463 (1977).

43. Robert, X. & Gouet, P. Deciphering key features in protein structures with the
new ENDscript server. Nucleic Acids Res. 42, W320–W324 (2014).

44. Doyle, S. A. In Chemical Genomics: Reviews and Protocols (ed Zanders, E. D.)
107–113 (Humana Press, Totowa, NJ, 2005).

45. Lau, Y. L. & Krishnappan, B. G. Size distribution and settling velocity of
cohesive sediments during settling. J. Hydraulic Res. 30, 673–684 (1992).

46. Perugini, M. A., Schuck, P. & Howlett, G. J. Self-association of human
apolipoprotein E3 and E4 in the presence and absence of phospholipid. J. Biol.
Chem. 275, 36758–36765 (2000).

47. Schuck, P. Size-distribution analysis of macromolecules by sedimentation
velocity ultracentrifugation and lamm equation modeling. Biophys. J. 78,
1606–1619 (2000).

48. Schuck, P., Perugini, M. A., Gonzales, N. R., Howlett, G. J. & Schubert, D.
Size-distribution analysis of proteins by analytical ultracentrifugation:
strategies and application to model systems. Biophys. J. 82, 1096–1111 (2002).

49. McCoy, A. J. et al. Phaser crystallographic software. J. Appl. Crystallogr. 40,
658–674 (2007).

50. Adams, P. D. et al. PHENIX: a comprehensive Python-based system for
macromolecular structure solution. Acta Crystallogr. Sect. D Biol. Crystallogr.
66, 213–221 (2010).

51. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development
of Coot. Acta Crystallogr. Sect. D 66, 486–501 (2010).

52. Chen, V. B. et al. MolProbity: all-atom structure validation for
macromolecular crystallography. Acta Crystallogr. Sect. D 66, 12–21 (2010).

Acknowledgements
We thank staff at the Monash Macromolecular Crystallisation Facility (MMCF) for
assistance with crystallisation, and at the Australian Synchrotron for support with X-ray
data collection. We are grateful to Dr. Dene Littler for initial support with crystal

structure analysis. DS acknowledges support from the Department of State Development,
Business and Innovation (DSDBI), Victoria, Australia and Australia-India Institute (AII).
DS acknowledges the financial support from the Australian Society for Parasitology to
attend CCP4 crystallography workshop. R.B.G.’s research was funded through grants
from the Australian Research Council (ARC), the National Health and Medical Research
Council (NHMRC) of Australia, Yourgene Bioscience Taiwan, and Melbourne Water
Corporation.

Author contributions
D.S., D.P. and T.B. conceived this study; D.S., S.P., T.P.S.d.C., J.N.H., M.D.S.-A. and P.L.
performed the research; D.S., S.P., A.S., J.R., M.A.P., J.F.G., E.M., D.P., R.B.G. and T.B.
analysed data; D.S., D.P., R.B.G., E.M. and T.B. wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s42003-
020-01179-7.

Correspondence and requests for materials should be addressed to D.P. or T.B.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-020-01179-7

8 COMMUNICATIONS BIOLOGY |           (2020) 3:464 | https://doi.org/10.1038/s42003-020-01179-7 | www.nature.com/commsbio

https://doi.org/10.1038/s42003-020-01179-7
https://doi.org/10.1038/s42003-020-01179-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio

	The oligomeric assemblyCopyright
	The oligomeric assembly
	The oligomeric assembly of galectin-11 is critical for anti-parasitic activity in sheep (Ovis aries)
	Results
	Two isoforms of LGALS-11 detected in sheep
	Crystal structure of sheep LGALS-11
	Glycan recognition by LGALS-11
	Effect of sequence variation on quaternary structure
	Effect of quaternary structure on biological function

	Discussion
	Methods
	Molecular cloning of LGALS-11
	Mutagenesis
	Recombinant expression and purification LGALS-11 isoforms
	Measuring sedimentation velocity
	Crystallisation and X-ray diffraction analysis
	Bioassay
	Ethics approval and consent to participate

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information





