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Abstract

Galectins, highly conserved f-galactoside-binding lectins, have diverse regulatory roles in devel-
opment and immune homeostasis and can mediate protective functions during microbial infec-
tion. In recent years, the role of galectins in viral infection has generated considerable interest.
Studies on highly pathogenic viruses have provided invaluable insight into the participation of
galectins in various stages of viral infection, including attachment and entry. Detailed mechanistic
and structural aspects of these processes remain undetermined. To address some of these gaps
in knowledge, we used Zebrafish as a model system to examine the role of galectins in infection
by infectious hematopoietic necrosis virus (IHNV), a rhabdovirus that is responsible for significant
losses in both farmed and wild salmonid fish. Like other rhabdoviruses, IHNV is characterized by
an envelope consisting of trimers of a glycoprotein that display multiple N-linked oligosaccharides
and play an integral role in viral infection by mediating the virus attachment and fusion.
Zebrafish’s proto-typical galectin Drgal1-L2 and the chimeric-type galectin Drgal3-L1 interact dir-
ectly with the glycosylated envelope of IHNV, and significantly reduce viral attachment. In this
study, we report the structure of the complex of Drgal1-L2 with N-acetyl-p-lactosamine at 2.0 A
resolution. To gain structural insight into the inhibitory effect of these galectins on IHNV attach-
ment to the zebrafish epithelial cells, we modeled Drgal3-L1 based on human galectin-3, as well
as, the ectodomain of the IHNV glycoprotein. These models suggest mechanisms for which the
binding of these galectins to the IHNV glycoprotein hinders with different potencies the viral
attachment required for infection.
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Introduction

Galectins, a family of p-galactoside-binding lectins characterized by
a unique sequence motif in their carbohydrate-recognition domains
(CRDs) (Hirabayashi and Kasai 1993; Cummings et al. 2017), are
evolutionary conserved and widely distributed in vertebrates, inver-
tebrates, and some fungal taxa (Vasta 2009). Based on their domain
organization, vertebrate galectins are classified into three major
types: (a) proto-type, i.e., those possessing a single globular CRD;
(b) chimera-type, i.e., those with one CRD and an N-terminal pep-
tide; and (c) tandem-repeat-type, i.e., those with two CRDs joined
by a linker peptide (Hirabayashi and Kasai 1993). Multiple galectin
subtypes have been identified in vertebrates; all except the so-called
galectin-related proteins fitting one of three types; they are num-
bered from 1 to 16 following the order of their discovery
(Cummings et al. 2017). As proto- and chimera-type galectins can
form oligomeric structures (dimers for the proto-type, and trimers
or pentamers for the chimera-type), all three galectin types display
multiple CRDs (from two to five) and therefore can establish
cooperative interactions with multivalent carbohydrate ligands or
cross-link glycan moieties that are present on the cell surface (Vasta
2012) enabling the formation of lattices (Rabinovich et al. 2007) or
agglutinating cells (Camby et al. 2006). Galectins were initially
shown to mediate cell adhesion in developmental processes and tis-
sue organization in embryogenesis by binding to endogenous ligands
(Ahmed et al. 1996; Rabinovich et al. 2007). However in the past
two decades, their participation in processes such as cancer prolifer-
ation (Kaltner et al. 2017; Mendez-Huergo et al. 2017), immune
homeostasis (Liu et al. 2012; Thiemann and Baum 2016; Sundblad
et al. 2017), angiogenesis (Mendez-Huergo et al. 2017) and adipo-
genesis (Yang et al. 2011b) have become increasingly understood.
Furthermore, it has been firmly established that mammalian galec-
tins can mediate protective functions during microbial infections by,
for example, recruiting neutrophils and activating lymphoid cells
(Smith and Cummings 2008; Mendez-Huergo et al. 2017). In recent
years, evidence has accumulated in support of the notion that galec-
tins can directly recognize glycans on the surface of viruses, bacteria,
pathogenic yeasts and parasites and function not only as pattern rec-
ognition receptors (PRRs) (Vasta 2009, 2012; Cummings et al.
2017), but also as effector factors by displaying bactericidal activity
(Stowell et al. 2010). In addition, some pathogens have co-evolved
with their hosts to take advantage of the recognition functions of
the galectins to facilitate their entry and infection (Vasta 2009;
Stowell et al. 2010; Thiemann and Baum 2016; Lujan et al. 2018).

The roles of mammalian galectins in viral infections have been
examined for highly pathogenic viruses such as influenza (Yang
et al. 2011a; Nita-Lazar et al. 2015a, 2015b), HIV (Mercier et al.
2008; Sato et al. 2012), Nipah (Levroney et al. 2005) and dengue
(Toledo et al. 2014). These studies have provided invaluable insight
into the participation of galectins in various stages of viral infection,
including attachment, entry into the host cell, and proliferation
(Levroney et al. 2005; Mercier et al. 2008; Yang et al. 2011a; Sato
et al. 2012; Toledo et al. 2014; Nita-Lazar et al. 2015a, 2015b).
However, key mechanistic and structural aspects of these processes
remain to be fully elucidated.

We are using zebrafish (Danio rerio) as a genetically tractable
model system to examine in detail the roles of galectins in infection
by infectious hematopoietic necrosis virus; (IHNV) Rhabdoviridae,
genus Novirhabdovirus, a pathogen responsible for significant losses
in both farmed and wild salmon and trout populations (Batts et al.
1991; Crane and Hyatt 2011; Yang et al. 2011a). IHNV is a bullet-

shaped negative-sense single-stranded RNA virus (Troyer and
Kurath 2003). Its envelope consists of trimers of a glycoprotein that
displays N-linked oligosaccharides and plays an integral role in the
pathogenesis of viral infection. Like in other rhabdoviruses, rabies
(RV), and vesicular stomatitis (VSV) the envelope glycoprotein (GP)
of IHNV mediates viral attachment to the target cell surface recep-
tors (Harmache et al. 2006; Nita-Lazar et al. 2016). While it is
known that IHNV enters the host through the skin at the base of
the fins and possibly the oral and gill epithelia (Harmache et al.
2006), viral attachment and entry mechanisms are not clearly
understood.

Previous studies showed that zebrafish galectins Drgal1-L2 (pro-
to-type) and Drgal3-L1 (chimera-type) expression in fish epithelial
cells downregulates after exposure to INHV (Nita-Lazar et al.
2016). A preliminary glycomic study of the IHNV envelope glyco-
protein identified oligosaccharides that may potentially constitute
the galectin ligands responsible for the observed inhibition of viral
attachment to the host (Nita-Lazar et al. 2016). The zebrafish
Drgall-L2 and Drgal3-L1 recognize in vitro non-reducing terminal
LacNAc moieties of N-linked oligosaccharides in the IHNV GP
(Nita-Lazar et al. 2016). These results suggest that the two zebrafish
galectins Drgal1-L2 and Drgal3-L1 may inhibit IHNV attachment
by binding to the virion envelope glycoprotein masking the recogni-
tion sites of the viral receptors, but the structural aspects of this
interaction remain unknown.

The crystallization Drgall-L2/Lactose (Galp1,4Glc) complex in
reducing conditions in a P24242; space group with a dimer in the
asymmetric unit of the crystal but not the structure has been
reported previously (Scott et al. 2010).

In this study, we successfully determined the structure of the
Drgall-L2 in complex with N-acetyl-p-lactosamine (LacNAc;
Galp1,4GlcNAc), at 2.0 A resolution. This structure and the com-
parative models of Drgal3-L1 and the viral receptor were used to
provide insight into the structural basis of the inhibitory effects of
these galectins on IHNV attachment to the epithelial cells of host
fish.

Results

Drgal1-L2 structure

The Drgall-L2 complex crystalizes as a dimer in the hexagonal
space-group P 6. Each monomer has a bound LacNAc molecule in
its lower energy conformation (Figure 1A). The electron density for
the amino acids spanning residues 2 to 133 in the monomer A and 2
to 134 in the monomer B, including the electron densities of the
alkyl groups (acetamide, -(C = O)NH,) modifying cysteine residues
(Cys 56 of monomer A and Cys 56 and Cys 69 of monomer B),
were observed in the crystal. Two magnesium metal ions from the
buffer are also observed mediating crystal contacts. The final model
was refined to a Ryor/Riree Of 0.16/0.22 with 94.57% of the resi-
dues in allowed regions of the Ramachandran plot (Table I). The
2mFo-DFc sigma weighted electron density map in the region
around the ligand shows excellent agreement (Figure 1B). The
Drgall-L2 dimer buries 600 A% of accessible surface area (ASA),
forming 10 hydrogen bonds and one salt bridge between Glu A84
and Lys B134. The root-mean-square deviation (rmsd) between the
structures of Drgal1-L2 and the molecular replacement search mod-
el, toad (Bufo arenarum) galectin-1—Protein Data Bank identifica-
tion code (PDB ID) 1GAN (Bianchet et al. 2000)—is 1.0 A for 131
Co-atoms aligned of the monomers and 1.56 A for the 261 a-atom
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Fig. 1. Drgal1-L2 complex with LacNAc. (A) Cartoon of the dimer in the asymmetric unit showing the bound disaccharide and Trp 68. The dashed line indicates
the dimer interface and the orange oval the position of the dimer two-fold. (B) The panel shows the binding site in monomer B displaying the residues that par-
ticipate in the LacNAc recognition and a portion of the refined electron density around the carbohydrate. Electron density of the final sigmaA-weighted 2mFo-DFc
map (orange) is contoured at one c. Sugar interacting residues are displayed with its carbon atoms colored yellow in the protein and green in LacNAc. The alky-
lated cysteine residues are shown in (B) with carbon atoms in green, and sulfur atoms are colored in yellow. All nitrogen atoms are colored in blue and oxygen

atoms are colored in red.

Table I. Data collection and refinement statistics

Wavelength (A)

CuKo (1.541 A)

Resolution range (A)
Space group
Unit cell

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor (A2 )
Rmerge
Reflections used for R-free
R-work
R-free
CC(work)
CCffree)
Number of non-hydrogen atoms
Total
Macromolecules
Ligands
Metal ions
Water
Protein residues
Rmsd (bonds)
Rmsd (angles)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Clashscore
Average B-factors (A?)
Macromolecules
Ligands
Solvent
Metal ions

35.0-2.0 (2.03-2.0) A

P 61

40.4,40.4, 303.6 A, 90.0,
90.0, 120.0°

342,227

18,798 (905)

3.5 (2.7)%

99.2 (97.3)*

33.5(5.7)*

25.9

0.046 (0.22)*

963

0.16

0.23

0.961

0.938

2372
2147
52

3
213
268
0.016
1.85
94.6
5.04
0.4

4

32.1
24.2
36.3
42.25

*Statistics for the highest-resolution shell are shown in parentheses.

aligned of the dimers. The rmsd for 132/265 (monomer/dimer) Co-
atoms of Drgall-1.2 aligned with human—1GZW, 39.5% identity
(Lopez-Lucendo et al. 2004)—and bovine—1SLA, 36.8% identity
(Bourne et al. 1994)—galectin-1 are 1.09/1.92 A and 0.85/2.42 A,
respectively (Supplementary Figure S2). Drgal1-L2 monomers overlay
well with other structurally characterized galectins-1 monomers.
Only loop L5 galectins-1
(Supplementary Figure S1). However, the zebrafish galectin dimer

shows differences with other
showed larger discrepancies (higher rmsds) between dimers caused by
the smaller twist (2.7°) of the extended f-sheet formed by the Drgall-
L2 dimer compared to other structurally characterized galectins-1
that showed a better agreement between human, cow, rat, mouse,
chicken and toad galectin-1 dimers (Supplementary Figure S1).

Carbohydrate-binding site

Drgal1-L2 has an archetypical galectin binding site: a narrow cleft
in the concave side at one of the ends of the molecule. As in other
galectin-1/carbohydrate complexes, the galactose ring docks
between two aromatic residues: His 52 and Trp 68 (Figure 1B).
Tightly packed by a hydrogen bond network, the side-chains of
hydrophilic residues recognize the hydroxyl groups of the disacchar-
ide: His 44 and Asn 46 make hydrogen bonds with the axial 4-OH
group and the Asn 61 and Glu 71 make a hydrogen bonds with the
6-OH group of the galactose moiety. Arg 48, Glu 71 and Arg 73
make hydrogen bonds with the 3-OH group of the N-acetyl glucosa-
mine moiety. A network of water molecules coordinated mostly by
main chain groups completes the N-acetyl glucosamine coordin-
ation. The 3- and 2-OH of the galactose are free to form a glycosidic
bond with other carbohydrate moieties in extended backbones or
with capping carbohydrates such as sialic acid or fucose.

Drgal3-L1 CRD model

Drgall-L2 and Drgal3-L1 recognize these hosts and viral glycans
and this recognition is inhibited by LacNAc (Nita-Lazar et al.
2016). The differences in the recognition of the LacNAc moieties of
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the viral GP by these two secreted lectins may provide a rationale
for their differential inhibition of viral attachment. To investigate
this possibility, we modeled the structure of the Drgal3-L1’s CRD
based on the hGal-3 CRD (Figure 2).

The sequence of the CRD in Drgal3-L1 (a.a. 89-227 of the
25kDa protein) align with those of Drgall-L2 and hGal-3 with
27.3% and 48% identity, respectively (Figure 2A). The final model
of the Drgal3-L1’s CRD generated using hGal-3—PDB ID 1AK],
(Sorme et al. 2005)—as a template and based on the Figure 2A
alignment has 100% of its residues in the allowed region of the
Ramachandran plot and an rmsd between model and template of
1.062 A for 138 aligned Ca-atoms. Loop L4, the loop between
B-strands 4 and 3, is shorter in Drgal3-L1 than in Drgal1-L2 by the
deletion of a histidine residue that in the Drgal1-L2 complex stacks
against the Gal moiety of the galactoside. This deletion in the loop
makes room at the galactose non-reducing-end 2-OH group provid-
ing a better recognition platform for a-2-fucosyl group substitutions
(Feng et al. 2013). Loops L3 and L5 of Drgal3-L3 showed small dis-
placement compared to hGal-3 probably caused by Pro 165 inser-
tion at the C-terminal of p6,. The model of Drgal3-L1’s CRD
predicts that all the polar interactions with LacNAc observed in its
complex with hGal-3 (Sorme et al. 2005) or Drgall-L2 (this work)
are conserved (Figure 2C).

Recognition of biantennary carbohydrates (BCs)
Biantennary N-glycans, such as the one shown in Figure 3, decorate
host epithelial cells and the IHNV GP. Drgall-L2 and Drgal3-L1
recognizes galactosides in these host viral glycans (Nita-Lazar et al.
2016). The several crystal structures of bovine galectin-1/BC show
similar biantennary oligosaccharide linking bovine galectin-1 of dif-
ferent asymmetric units (Bourne et al. 1994; Yoshida et al. 2010).
The BCs in the three crystal forms reported by Bourne et al. (1994)
adopt conformations corresponding to low energy states (o = —60,
Figure 3A), reaching galectin binding sites 19.8 A apart in the crystal
arrangement. Modeling shows that a BC in an extended conform-
ation (o = 180) can be recognized by two closely packed Drgall-L.2
dimers or two Drgal3-L1 CRDs (Figure 3).

IHNV glycoprotein model

Upon pre-incubation of IHNV with either of the zebrafish galectins
Drgal1-L2 (2.1 pM) or Drgal3-L1 (1.2 pM), viral attachment to the
fish epithelial-cell membrane is inhibited by 40% and 65 %, respect-
ively, compared to the attachment of unexposed virus (Nita-Lazar
et al. 2016). The lower inhibition with a molar excess of Drgall-1.2
is at odds with the expected similarity in the recognition of the GP
carbohydrates by the two galectins. These prompted us to analyze
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—PT T—P ., TT _PTT—

89 VLT PLDFPLQNGAYNKML T G TVNLRRG A NPRF .EGG P IV N Sl IGN
- LDFQRG. B8N . ENN IV KLDN
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Fig. 2. Drgal3-L1 carbohydrate recognition domain (CRD) model. (A) Sequence alignment of Drgal3-L1 aligned with the template hGal-3 and Drgal1-L2. Purple
stars indicate residues involved in carbohydrate recognition. Secondary structure elements for Drgal3-L1 (top) and Drgal1-L2 (bottom) are also shown. The pur-
ple box indicates the short loop between 4 and 5. Boxes with red background and white letters indicate sequence identity and those with white background
and red letters show similarity in size or properties (charge, hydropathy, etc.). (B) The panel shows the comparative model of Drgal3 L1(CRD)/LacNAc complex
in two 90 degrees related views. The shorter loop is colored in purple. (C) Details of the binding site showing LacNAc bound to the Drgal3-L1 CRD. Residues
interacting with the carbohydrate are shown in stick representation. Atoms are colored as in Figure 1B.
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Colla g€

Fig. 3. Model of the biantennary carbohydrate. (A) Common biantennary N-glycan observed in IHNV and fish epithelia. Monosaccharide symbols follow the
symbol nomenclature for glycans system (PMID 26543186, Glycobiology 25:1323-1324, 2015). The three lowest energy conformations of the carbohydrate as
calculated by the Glycam server (http://glycam.org). (B) Recognition of BC by two Drgal1-L2 dimers (left) and two Drgal3-L1 CRDs (right).

how the differences in carbohydrate recognition and quaternary
structure between Drgal1-L2 and Drgal3-L1 affects the inhibition of
viral attachment. Further, to analyze in detail the inhibition of
IHNV attachment by galectins, we modeled the IHNV GP ectodo-
main in complex with these galectins.

Figure 4 shows the sequence alignment used in the model of the
envelope glycoprotein ectodomain of IHNV based on the crystal
structure of its homologs in VSV (vesicular stomatitis virus) (Roche
et al. 2008). Although the final sequence identity between target and
template is low (18.9%), the conservation of most of the residues
that make disulfide bridges, the aromatic residues at the tip of the
fusion loops, the His-Pro sequence motifs that participates in a pH
sensitive histidine cluster, and other key structural features
(Albertini et al. 2012) reinforces the confidence in the modeling
using VSV GP as a template (Figure 4). Cys 47 and 357 are only
present in ITHNV and in adjacent strands of the lateral domain—DI,
using the nomenclature from Roche (Roche et al. 2008)—close
enough to make a disulfide bridge to replace the non-conserved Cys
59-Cys 92 bridge of VSV.

THNV has three N-glycosylation sequence motifs (two overlap-
ping) at positions not conserved with respect to those in the VSV
GP. The model predicts that the overlapping N-glycosylation sites at
Asn 400 and 401 will be buried in the lateral domain (a.a. 35-55,
331-411) and then expected not to be glycosylated (Pless and
Lennarz 1977). The site at Asn 438 is the only one exposed on the
trimer axis near the His-Pro motif. An O-GlcNAcylated serine resi-
due observed in the recent structure of VSV GP is not conserved.

The energy-minimized model of the IHNV GP shows 99.5% of the
residues in the allowed region of the Ramachandran plot and 1.6 A
rmsd between model and template for 393 Ca-atoms aligned. In the
model of the IHNV GP trimer fully decorated with Drgal1-L2 mole-
cules bound to their BCs (Figure 5), two Drgall-L2 galectin dimers
can simultaneously recognize, without steric conflicts, the terminal
LacNAc moieties on the two antennae of a biantennary oligosac-
charide in an isolated pre-fusion GP trimer (Figure 5; coordinates
included as Supplementary Materials).

Discussion

Despite the considerable phylogenetic distance between teleost fish
and eutherian mammals, the determination of the structure of the
zebrafish Drgal1-L2/LacNAc complex revealed a remarkable overall
structural similarity between this molecule and the bovine (Bourne
et al. 1994) and human (Lopez-Lucendo et al. 2004) galectins-1
(Supplementary Figure S1). This similarity extends to the topology
of the CRD, including the position and identity of the residues that
interact with the LacNAc ligand. This observation is in-line with the
high evolutionary conservation of proto-type galectin sequences
along the vertebrate lineages from bony fish to higher mammals—
Supplementary Figure S2 (Stowell et al. 2010; Vasta 2012). Like
human galectin-1, Drgall-L2 dimerization made the same number
of non-covalent bonds, but the dimer interface buries 5% more area
than in human galectin-1 (571 A2), suggesting a tighter dimer associ-
ation than human galectin-1—Kd = 0.7 pM (Leppanen et al. 2005).
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Fig. 4. IHNV comparative model. (A) Sequence alignment of the GPs from IHNV and VSV used in the modeling. The green numbers indicate the associated disul-
fide bridges numbered in the alignment. The ones marked with a blue-shaded oval are new and the red shaded are those missed in IHNV GP with respect to
VSV GP. The top (model) and bottom (template) secondary structure of the model (top) and template (bottom) are also represented. IHNV glycosylation sites
are underlined in blue. (B-C) The final model of the IHNV GP ectodomain. Monomer (B) and trimer (C). Disulfide bridges are displayed and numbered as in (A); a
black curved arrow connects the lost disulfide bridge with its replacement. The histidine residues associated with the fusion mechanism, hydrophobic residues
at the tip of the fusion loops and BC attached to Asn 438 are displayed with orange carbon atoms. Helices are colored in red, p-strands in cyan, turns in blue,
and loops in gray. Some of the structure secondary elements are labeled in both panels for orientation.

In agreement with the fold conservation observed, the monomer loops L3, L4, and L5 (Figure 1 and Supplementary Figure S1). The
superposition of Drgal1-L2 with other known galectin-1s showed a differences in these loops accounts for the high pairwise rmsd of
small rmsd. Small fold differences are concentrated in loops, e.g., chicken galectin-1 with the others. The quaternary structure of
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Drgal1-L2 0
N

Drgal1-L2

Drgali-L2

Dimer
Drgali1-L2

Fig. 5. IHNV GP trimer (peplomer) fully decorated with Drgal1-L2s. (A) Top view (viewed from the cell surface) of the IHNV GP model (cyan) with the BC in an
extended conformation (o = 180°) fully decorated by two Drgal1-L2 dimers (green and magenta). (B) Side-view. The BC and LacNAc in a CPK representation
have their carbon-atoms colored blue. The light blue planes represent the viral surface.

characterized mammalian and amphibian galectins-1 shows a con-
served twist between monomers in the dimer. However, Drgall-L2
dimer has a significantly smaller twist than other known counter-
parts (Supplementary Figure S1). Interestingly, this difference in the
galectin quaternary structure may be a response to evolutionary
pressure for adaptation to a specific fish pathogen.

Zebrafish galectins Drgall-L2 and Drgal3-L1 are secreted into
the skin mucus in vivo, and it has been demonstrated to negatively
modulate IHNV attachment to epithelial cells in vitro (Nita-Lazar
et al. 2016). Glycomic studies of the IHNV GP and the fish epithelial
cells reveal the presence of terminal LacNAcs in viral as well as host
cell glycans (Nita-Lazar et al. 2016). Galectins binds to these glyco-
topes (Bourne et al. 1994; Yoshida et al. 2010) as it is safe to assume
that both zebrafish galectins do as well. Drgal1-L2 and Drgal3-L1
bind to glycans on virions and glycosylated co-receptors inhibiting
with different potency the virus attachment to the epithelial cells
(Nita-Lazar et al. 2016). This inhibition could be the consequence of
these galectins hindering the attachment sites of epithelial-cell recep-
tors by steric conflict or by inducing changes in the GP distribution
or conformation. The differences in such inhibition between Drgall-
L2 and Drgal3-L1 could be due to the differences in these galectins

CRD’s affinity for the viral carbohydrates or because their different
avidity for the multivalent display of glycotopes on the virion surface.
To investigate the mechanism(s) by which Drgal1-L2 and Drgal3-
L1 interfere with IHNV attachment and explain the observed differ-
ences in their inhibition potency, we developed models of (1) the
CRD of Drgal3-L1 (Figure 2) and (2) the recognition by these zebra-
fish galectins of the IHNV GP pre-fusion trimer (Figures 4-5) and its
arrangement on the viral particle surface (Figure 6). The Drgal3-L1
CRD model shows that all the polar interactions with the ligand are
conserved with those of Drgal1-L2 (Figure 2). However, the shorter
loop, L4 (loop between p4 and p5), in Drgal3-L1 losses a stacking
interaction of the galactose C2-OH group with the aromatic ring of a
histidine residue (His 52, Figure 1B). This also widens the type of gly-
cans recognized by the Drgal3-L1 CRD (Feng et al. 2013) to include
carbohydrates found in a small, probably coexisting, sub-populations
of viral glycans (Nita-Lazar et al. 2016). Nevertheless, the opposite
contributions of the loss of this stacking and the small increment in
the number of targets recognized cannot explain the 62.5% of increase
in inhibition (from 40% in Drgall-L2 to 65% in Drgal3-L1).
Differences in these galectins avidity for the multivalent of ligands
displayed on the virion surface may cause the pattern of inhibition
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observed. Drgal1-L2 is a proto-type galectin with a single CRD per
subunit capable of forming dimers in a concentration-dependent man-
ner. At the concentration range present in the fish mucus (2.1 pM),
most of the Drgall-L2 are associated as a homodimers. Dimers of
Drgal1-L2 can simultaneously recognize carbohydrates 4.9 nm apart
(Morris et al. 2004). In contrast, Drgal3-L1 belongs to the chimera-
type galectin-3, a protein with two domains: a long and flexible
collagen-like N-terminal domain and a C-terminal CRD. While
galectin-3 is monomeric in solution (Morris et al. 2004), upon binding
to multivalent ligands such as glycans displayed on the cell surface,
galectin-3 can oligomerize via their N-terminal domains. Galectin-3
oligomers are capable of simultaneously recognize more glycans that
are distributed further apart than those cross-linked by proto-type
galectins (Morris et al. 2004; Fortuna-Costa et al. 2014). To explore dif-
ferences in the avidity of these multivalent galectins for the arrangements
of GP on the virion, we localized the GP glycosylation sites and modeled
the attachment of these galectins (Figures 4 to 6). Rhabdoviruses are
bullet-shaped with average dimensions of 75 nm of diameter and
180nm in length (Figure 6A) (Hill et al. 1975; Pringle 2006).
Currently, it is accepted that rabies virions display ~400 peplomers
(spikes) attached to its external lipidic membrane; in an apparent
honeycomb (hexagonal) arrangement (Hill et al. 1975). Hexagonal
arrangements were observed in a rabies virus mutant briefly incu-
bated under suboptimal fusion conditions (Gaudin et al. 1996)
which suggests it plays a role after rhabdovirus attachment during
the fusion of virion-host membranes (Roche et al. 2007). The hex-
agonal arrangement of GP trimers (Figure 6B), like one observed in
the crystal structure of VSV GP, has been proposed in the rhabda-
virus (Roche et al. 2007; 2008). Each spike is a trimer of envelope
GPs that attaches to cell-membrane phospholipids and co-receptors
such as the monomeric truncated form of fibronectin (Bearzotti et al.
1999; Liu and Collodi 2002). Pre-fusion and post-fusion states of
GP are in a pH-dependent equilibrium making the need for a more
significant number of spikes acting cooperatively during fusion
(Roche and Gaudin 2002).

The area available per spike (AAgyike) in an uniformly scattered
arrangement of 400 spikes on a rabies virion—dimensions: 75 nm x
180nm (Hill et al. 1975)—is 106.0nm? (Figure 6A). A similar
AAg ik is expected in IHNV, sufficient to accommodate either a pre-
fusion spike (with a 29.5 nm* footprint; Figure 6C) or the smaller
footprint of a post-fusion spike (19.6 nm%; Figure 6D). Back-of-the-
envelope calculations show that a pre-fusion spike fully decorated
with Drgal1-L2 dimers (Figure 5) roughly requires to reach an area
of 134.8nm?, while with Drgal3-L1 CRDs only needs 91.0 nm?
(Supplementary Figure S3). A full decoration with Drgall-L2 dimers
is incompatible with the area available on the virion. Thus, partial
decorations or a lower number of spikes fully decorated with
Drgal1-L2 than with Drgal3-L1 are expected, correlating with their
viral attachment inhibition potency.

In a honeycomb-like (hexagonal) arrangement of spikes (Figure 6B),
Drgall-L2 dimers can crosslink BCs from two spikes related by the
two-fold at the center of the hexagonal void (Figure 6F). On the other
hand, the single C-terminal CRD of Drgal3-L1 allows decoration of
three BCs from three-fold related spikes with enough room to accom-
modate the exit of the N-terminal domain to oligomerize (Figure 6G).
These models suggest that Drgal1-L2 could occlude two of the six co-
receptor attachment sites on the surface of the virus, while Drgal3-L1
could do the same with three sites. Also, the viral surface coverage by
Drgal3-L1 attached GP is greater than that for Drgall-L2 by a factor of
3/2. The ratio of the inhibitory efficiency estimated using this 3/2 model
is around the observed ratio of 65%/40%.

These galectins are predicted to attach to a region of the INHV
GP ectodomain that remains relatively unchanged between pre and
post fusion conformations. Nevertheless, an equilibrium shift
toward post-fusion states of the GP (more compact), becoming more
favorable to the galectin conjugation, is probable. On the other
hand, a spike decoration of a hexagonal lattice, as revealed by the
aforementioned models (Figure 6A and B), may not only hinder
virion-receptor interaction but also impair or even inhibit conform-
ational changes of the spikes during viral fusion.

The roles of galectins in viral attachment and infection have only
been investigated in recent years (Batts et al. 1991; Levroney et al.
2005; Crane and Hyatt 2011; Yang et al. 2011a; Sato et al. 2012;
Toledo et al. 2014; Nita-Lazar et al. 2016). It is worth noting that
for several viruses, recognition of the envelope glycoprotein by
selected host galectins promotes viral attachment and infection. This
suggests that close co-evolution of the viruses with their hosts has
led to the functional hijacking of the recognition properties of the
highly conserved and pleiotropic galectin family for host entry and
infection (Vasta 2009). In some virus/host systems, however, galec-
tins can function as successful innate immune recognition and
effector factors, preventing viral attachment and infection,
(Levroney et al. 2005; Yang et al. 2011a; Sato et al. 2012; Toledo
et al. 2014; Nita-Lazar et al. 2016). The structural study reported
here reveals the potential interactions of these galectins with the
IHNV GP that may be responsible for their protective properties.

Materials and methods

Protein expression and purification

Recombinant Drgall-L2 was expressed and purified as described
previously (Nita-Lazar et al. 2016). Briefly, Rosetta (DE3)pLysS
competent cells (Novagen) were transformed with a pET-28b (+)
based plasmid expressing a 6xHis-tagged full-length Drgal1-L.2 gene
(134 amino acids, 15.4kDa, Genbank accession no. AY421704)
(Ahmed et al. 2004). Cultures of plasmid carrying bacteria were
grown in Luria-Bertani broth with antibiotics (chloramphenicol,
34 pg/mL; kanamycin, 15 pg/mL), induced with 0.1 isopropyl p-thio-
galactoside when the optical density reached 0.6, and grown for
additional 16 h at 23°C. Overexpressed protein was purified from a
clarified lysate of these cells by binding to an affinity chromatog-
raphy column packed with 4 mL of divinyl sulfone-conjugated lacto-
syl-sepharose and eluted with 100 mM lactose (Nita-Lazar et al.
2016). Alkylation with iodoacetamide was used to prevent aggrega-
tion due to the exposure of two cysteine residues, Cys 56 and Cys 69.

Crystallization, data collection, structure determination
and refinement of the zebrafish galectin Drgal1-L2
Alkylated Drgal1-L2 at a concentration of 10 mg/mL (in 50 mM
Tris-HCl, 150 mM NaCl, pH7.5) was incubated with 20 mM of
LacNAc on ice for 30 min before crystallization. Crystals of the
Drgal1-L2/LacNAc complex were obtained by the hanging drop
vapor diffusion method. One pL of Drgall-L2/LacNAc was mixed
with 1pL of reservoir solution and equilibrated against 0.5 mL of
reservoir solution (0.1 M HEPES/NaOH pH 7.5, 0.2M MgCl,,
30% (v/v) PEG 400). Diffraction quality crystals grew in 12 h.

Data were collected at a home source, using an FRE"-high-bril-
liance X-ray generator equipped with a CCD detector Saturn-977
(Rigaku Inc., Texas), from a crystal flash-frozen in a drop held by a
nylon loop containing reservoir solution with 15% (v/v) glycerol
added as cryoprotectant; 720 frames were collected using a 0.25
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Fig. 6. Recognition of IHNV GP by galectins on the viral surface. (A) The micrograph of a rabies rhabdovirus shows the dimensions of the virion. (This picture is
licensed under a Creative Commons Attribution-ShareAlike 3.0 Unported License.) The AAq; of an uncapped bullet-shape particle of diameter D (75 nm) and
longitude L (180 nm) displaying around of 400 spikes is 106.0 nm?2. A virion surface showing a hexagonal lattice of spikes with a dimension h (6.02 nm) formed
by the equivalent of two spikes, has an area per spike (Ahexspike) of 47.1 nm?2. The lattice shows a central void exposing six BCs (carbon atoms colored in
orange). (C) The area per spike for the pre-fusion GP trimer has an area of 29.1 nm?, equivalent to the area of an equilateral triangle of side S (8.25 nm). (D) The
area per spike for the post-fusion GP trimer is 19.6 nm?, corresponding to the area of a circle of radius r (r= 2.5 nm). (E) Drgal1-L2 dimer bound to the hexagonal
arrangement of spikes, recognizing two BCs (orange carbon atoms) related by the two-fold axis of the center hexagonal arrangement. (F) Drgal3-L1 bound to
the hexagonal arrangement of spikes. The full hexagonal arrangement is obtained by applying to the asymmetric unit formed by two adjacent GPs the three-
fold axis at the center of the hexagon, one with the orange BC recognized by the galectin-3 and the other with the BC in green. The galectins in (E) and (F) are

colored in purple.

degrees oscillation with 15s of exposure. Diffraction data was
reduced with HKL2000 and scaled using the program Scalepack
(Otwinowski and Minor 1997). The crystal has two molecules in
the asymmetric unit. The structure of Drgall-L2/LacNAc complex
was determined by molecular replacement with the program
MOLREP (Vagin and Teplyakov 1997) using the coordinates of the
amphibian Bufo arenarum galectin-1 structure (PDB ID 1GAN) pre-
viously determined by our group (Bianchet et al. 2000). The initial
structure was manually rebuilt with the graphical program Coot
(Emsley et al. 2010), and refined using the program REFMACS
(Vagin et al. 2004). The crystal shows additional electron density in
the ligand pocket associated with the disaccharides. After an initial

rigid body refinement of each separated monomer, the carbohydrate
was placed into the observed positive difference-Fourier density. The
resulting model was subjected to cycles of maximum likelihood, real
space, isotropic B-factor, and TLS refinement followed by manual
rebuilding. The interface’s characterization was carried out with the
program qtPISA  (Krissinel and Henrick 2007). MOLREP,
REFMAC, Coot, and qtPISA are included in the CCP4 program
package v. 7.0.060 (Winn et al. 2011). To calculate the two-fold
symmetry axis of the dimer, the monomers superposition matrix
was diagonalized and the arc cosine of scalar product of the eigen-
vectors divided by their norms were used to calculate the differences
between twist angles. Figures, rmsd calculations, sequence, and
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structural alignments were carried out with the programs MOE (v
2018.1, Molecular Operating Environment; Chemical Computing
Group Inc., Canada). Sequence alignment figures were prepared
with ESPrit 3 web server at http://espript.ibcp.fr (Robert and Gouet
2014). Coordinates and structure factors were deposited in the
Protein-Data Bank (PDB ID 6E20).

Comparative modeling

Drgal3-L1 Model. A model of the zebrafish galectin Drgal3-L1
carbohydrate recognition domain (CRD, a.a. 89 to 227) in complex
with LacNAc was built by comparative modeling using the crystal
structure of human galectin-3—hGal-3; PDB accession code (PDB
ID) 1KJL (Sorme et al. 2005)—as the template. The sequence of
Drgal3-L1 (NCBI: NP_999858) was aligned to the sequences of
hGal-3 and Drgal1-L2 structures (Figure 2A). The molecular model-
ing program MOE (Molecular Operating Environment, 2018.01;
Chemical Computing Group ULC) was used for the comparative
modeling of the galectin, side-chains conformation sampling, loop
building, and energy minimization. Structural stress in the models
was relaxed by several cycles of conjugate gradient minimization
using an AMBER14HT force-field until the change in the gradient
was below of 10™* Kcal Mol™" A",

Coordinates for the BC N-glycan in the three lowest energy con-
formation were obtained from the Glycam server (http:/glycam.
org). In the models of the complexes of the galectins with the BC
(Figure 3), the galectin bound LacNAc guided the placement of the
LacNAc terminals of the BC. The LacNAc disaccharide terminal of
an extended biantennary oligosaccharide in its lower energy con-
formation was docked in the galectin binding-site using the structure
of the bound LacNAc disaccharide as a target with the pair fitting
routine of PyMol (v.1.7.1.3, ©2009-2014 Schodinger, LLC). Briefly,
this routine minimizes the distance between pairs of equivalent
atoms by moving one of the molecules as a rigid unit.

IHNV glycoprotein model. A structural model of the IHNV
glycoprotein (GP) ectodomain (a.a. 38-455, GenBank ABA41533)
pre-fusion form was generated using the crystal structure of the high
pH form of VSV glycoprotein—PDB ID 512S, (Roche et al. 2007)—
as the template (Figure 4). The sequence alignment between IHNV
and VSV GPs used in the modeling (Figure 4A) was obtained from
an initial automatic alignment by careful adjustments of insertions
and deletions to maintain features observed in these types of viruses.
The homology modeling program Modeller v. 9.20 (Sali and
Blundell 1993) was used with this alignment to build the IHNV GP
structural model (Figure 4B). An alpha-helical secondary structure
constrain was used in the C-terminal region of the ectodomain (a.a.
430-455), because of the lack of a template. The putative new disul-
fide bridge between Cys 44 and Cys 354 was generated with a disul-
fide patch in the Modeller script. The structural model was
optimized in Modeller using a energy minimization protocol consist-
ing of a conjugate gradients, molecular dynamic, and final conjugate
gradients minimization. The main-chain of the resulting model was
improved by local optimization of Ramachandran outlier regions
using an Amber 14HT (MOE v 2018.1) force field. The final
Ramachandran plot (Supplementary Figure 4), the Modeller python
script, and Modeller input are included as Supplementary Materials.

To model the glycosylation by BC, an N-glucosamine was built
as a postranslational modification to the solvent-exposed Asn 438
with the program MOE. This glycosylation was used to fit the
N-glucosamine of the first moiety of BC using PyMol as described
above. For each galectin type, galectin molecules were docked to

each antenna of the modeled biantennary glycans attached to Asn
438 using the LacNAc bound to Drgall-L2 in the experimental
structure as a guide, followed by a least squares fitting of equivalent
atoms of the disaccharide terminal as described above.

The GP trimer and the hexagonal lattice were generated by
MOE by applying the point-group P3 and P6é symmetry, respect-
ively, to the GP model superposed with the template, using the hex-
agonal cell dimensions of the latter (a = b = 120.51 A). PDB file of
the asymmetric unit is included as Supplementary Materials.

The Drgall-L2 dimer crosslinking two GPs across the void in
Figure 6F was modeled by making the dimer two-fold axis to coin-
cide with the two-fold axis of the hexagonal void by a multi-step
process. (1) A pair of two-fold atoms one from each galectin bound
LacNAc and the other from the BC terminal moieties were selected
to guide the fitting. With the galectin/ligand as a rigid moving mol-
ecule, the distances between paired atoms were minimized by least
squares fitting. (2) The BC glycoside-angles were manually adjusted
to match their terminal disaccharide orientation with that of the
galectin-bound disaccharide, and a final pair fitting was performed.
(3) Finally, each BC terminal LacNAc was replaced by the corre-
sponding LacNAc in the galectin-bound, generating a hybrid mol-
ecule by forming a distorted glycosyl bond between them. These
hybrid BC were minimized under restrains with the program MOE
using an Amber 14HT force field. Proteins and terminal LacNAc
were restrained to their position allowing only the rest of BC to
adjust.

A rigid-body pair fitting procedure was used to generate the
model of Drgal3-L1/GP (Figure 6G). One Drgal3-L1 molecule was
docked to one of the antennas (the most extended) of a pair of adja-
cent GPs in the hexameric arrangement. The model was generated
by applying a three-fold axis located at the center of the hexagonal
void to this dimer. The conformation of the unbound BC was manu-
ally adjusted to eliminate clashes with the galectins.

Supplementary data

Supplementary data is available at Glycobiology online.
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