
Fine-tuning of Proto-type Chicken Galectins: Crystal Structure of CG-2 

and Structure-Activity Correlations  
 

 

Federico M. Ruiz1,#, Israel S. Fernández1,#, Lara López-Merino2,3,#, Laura Lagartera3, 

Herbert Kaltner4, Margarita Menéndez2,3, Sabine André4, Dolores Solís2,3,*, Hans-

Joachim Gabius4
, Antonio Romero1* 

 

1 Departamento de Biología Físico-Química, Centro de Investigaciones Biológicas - CSIC, 

Ramiro de Maeztu 9, E-28040 Madrid, Spain 

2 Departamento de Química-Física Biológica, Instituto de Química Física Rocasolano, CSIC, 

Serrano 119, E-28006 Madrid, Spain 

3 Centro de Investigación Biomédica en Red de Enfermedades Respiratorias (CIBERES), E-

07110 Bunyola, Mallorca, Illes Balears, Spain 

4 Institut für Physiologische Chemie, Tierärztliche Fakultät, Ludwig-Maximilians-Universität, 

Veterinärstrasse 13, D-80539 München, Germany 

 

Running Title: 3D Structure of CG-2 

# These authors contributed equally to the work 

* To whom correspondence should be addressed: Antonio Romero, Departamento de Biología 

Físico-Química, Centro de Investigaciones Biológicas - CSIC, Ramiro de Maeztu 9, E-28040 

Madrid, Spain; Dolores Solís, Departamento de Química-Física Biológica, Instituto de 

Química Física Rocasolano - CSIC, Serrano 119, E-28006 Madrid, Spain. 

E-mail addresses: romero@cib.csic.es; d.solis@iqfr.csic.es



 

 2 

ABSTRACT 
 
The comparatively small number of members of the family of adhesion/growth-regulatory 

galectins in chicken predestines this system as an attractive model to study divergence of 

these lectins after gene duplications. Expression profiling of the three homodimeric (proto-

type) chicken galectins (CG-1A, CG-1B and CG-2) has raised evidence for distinct 

functionalities, explaining the interest in a detailed crystallographic analysis of CG-2. As 

revealed here, marked differences are found in the ligand-binding site and in the contact 

pattern within the homodimer interface, underlying a characteristic orientation of the two 

subunits. Notably, a distinctive trimer of dimers that is unique in all galectin crystal structures 

reported to date forms the core unit of the crystallographic assembly. Combination with 

spectroscopic and thermodynamic measurements, and comparisons with CG-1A and CG-1B, 

identifies differential changes in circular-dichroism spectra in the presence of lactose, 

reflecting the far-reaching impact of the ligand on hydrodynamic behavior, and inter-galectin 

differences in both the entropy and the enthalpy of binding. This structural information is a 

salient step to complete the analysis of the full set of galectins from this model organism.   

 
 
 
Keywords: β-sandwich; homology; lectin; oligomerisation; phylogeny  



 

 3 

Introduction 
 

The central role of lectins in initiating the translation of sugar-encoded information into 

physiological responses explains the interest in defining their structures (Gabius, 2009; 

Gabius et al., 2011). The members of the family of adhesion/growth-regulatory galectins 

share a distinct sequence signature, a β-sandwich fold with a central Trp residue in the 

binding site and affinity for lactose (Barondes et al., 1994, Kasai & Hirabayashi, 1996, 

Gabius, 1997, Villalobo et al., 2006, Klyosov et al., 2008, Schwartz-Albiez, 2009). They are 

divided into three groups based on the mode of presentation of their carbohydrate recognition 

domain(s) (CRD). Monomeric and homodimeric proteins belong to the proto-type category, 

while the covalent association of the CRD with two other modules (collagen-like repeats and 

a peptide terminus with sites for Ser phosphorylation) leads to the chimera-type design, and 

the chain-like display of up to four different CRDs covalently connected by linker peptide(s) 

is characteristic of the tandem-repeat-type proteins (Kasai & Hirabayashi, 1996, Cooper, 

2002, Tasumi & Vasta, 2007). Respective genes for these three groups are invariably found in 

vertebrates (Cooper, 2002, Houzelstein et al., 2004). Gene duplications and the ensuing 

sequence divergence have given rise to different levels of complexity in the overall 

organization of the species-specific galectin profile. Obviously, an organism with a rather low 

extent of diversification is best suited for performing a comprehensive comparative analysis 

of the network comprising the three described classes. Based on this criterion, the chicken ge-

nome is an attractive model candidate. It harbors a total of only five genes for functional 

galectins (Cooper, 2002, Houzelstein et al., 2004, Kaltner & Gabius, 2012). 

We had previously reported the crystal structures of two proto-type proteins, i.e. the 

paralogue pair CG-1A and CG-1B (Varela et al., 1999; López-Lucendo et al., 2009). The 

third proto-type CG, i.e. CG-2, is assumed to have arisen from a duplication event prior to the 

emergence of CG-1A/B genes (the orthologues of human galectin-1; hGal-1) and, as its 
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indicates by its designation, CG-2 is suggested to be orthologous to human galectin-2 (hGal-

2; for sequence comparisons, please see Fig. 1) (Hirabayashi et al., 1987; Sakakura et al., 

1990; Houzelstein et al., 2004; Kaltner et al., 2008).  

CG-2 had first been purified from adult chicken intestine and was subsequently 

detected to be strongly expressed in embryonic kidney (Beyer et al., 1980; Beyer & Barondes, 

1982; Stierstorfer et al., 2000). Its immunohistochemical expression profile, with a presence 

in the epithelial lining of villi and intestinal glands as well as the collecting ducts in adult 

kidney, is mostly different from those of the other two proto-type CGs (Kaltner et al., 2008; 

Kaltner & Gabius, 2012). Its presence in the digestive tract is shared by mammalian galectin-

2, as revealed by analysis of human, mouse, pig and rat tissues (Oka et al., 1999; Saal et al., 

2005; Lohr et al., 2007; Thomsen et al., 2009; Nio-Kobayashi et al., 2009), and delineation of 

the profile of caspase involvement in the induction of apoptosis of activated T cells revealed 

functional divergence among human prototype galectins (Sturm et al., 2004). In this respect, 

CG-1A was very active, while CG-2 showed selective B cell-binding capacity among avian 

immune cells (Schneller et al., 1995; Kaltner et al., 2008). On examination of the lectin sites 

of CG-2 and CG-1A in solution, chemical mapping detected initial evidence for quantitative 

differences in the capacity of CG-2 to bind β-lactoside derivatives relative to CG-1A (Solís et 

al., 1996).  

Here, we report the structure of CG-2. Owing to the availability of corresponding data 

for hGal-1 and hGal-2 (López-Lucendo et al., 2004a; Lobsanov et al., 1993), the proposed 

relationships between the avian and mammalian proteins could then likewise be tested. On the 

grounds of models of the binding of disaccharides to pentasaccharides to CG-1A. CG-1B, 

hGal-1 and hGal-2, along with glycan-array data for the human lectins (Siebert et al., 2003; 

André et al., 2005; Wu et al., 2007; Stowell et al., 2008), making assumptions on how affinity 

and specificity are altered during the course of sequence divergence appears to be possible. 

Flanking the crystallographic work, we carried out analytical experiments in solution with the 
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three proto-type CGs. Since circular dichroism (CD) spectroscopy has proven its value as a 

sensor for fine-structural alterations upon ligand binding in the case of human galectins 

(Nesmelova et al., 2010; Solís et al., 2010), we extended our comparison accordingly, adding 

determination of thermal stability in the absence and presence of lactose. The thermody-

namics of lactose binding was also measured in order to answer the question on 

enthalpic/entropic contributions to binding in each case. 

 

Materials and Methods 
 

Protein expression and purification 

The complete cDNA for CG-2 was cloned from total RNA of embryonic kidney 

(developmental day 15) and was inserted into the vector pQE60 (Qiagen, Hilden, Germany). 

Escherichia coli strain M15 (pREP4) was used for recombinant protein production of the 

product, which is identical to the physiological form, as described (Kaltner et al., 2008).  As 

given therein, the sequence of the full-length cDNA including the first exon (two amino acids: 

methionine and alanine) is identical to the respective GenBank entries XM_00123499.2 

(mRNA) and XM_00123499.2 (protein), also completely in line with the genomic sequence 

(GenID: 425107). Following purification with affinity chromatography on lactosylated 

Sepharose 4B as a crucial step, controls for purity and activity assays were performed as 

described (Gabius et al., 1984; Kaltner et al., 2008; Amano et al., 2012; André et al., 2012). 

Production and quality controls of CG-1A, CG-1B and its C7S mutant were also carried out 

as described (Wu et al., 2007; López-Lucendo et al., 2009), and mass spectrometric 

fingerprint analyses of native and thermally denatured CG-1B and its mutant were performed 

after alkylation with 80 mM iodoacetamide in the presence of 9 M urea, during 1 h at 20 ºC 

and in the dark, without prior reduction ((López-Lucendo et al., 2009). 
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Crystallization, data collection and processing 

For crystallization experiments, CG-2-containing solution was dialyzed against a 

buffer containing 5 mM K,Na-phosphate, 150 mM NaCl, 10 mM lactose, and 4 mM 

ß-mercaptoethanol (pH 7.2), thereafter concentrated to 5 mg/ml using a Centricon-10 

(Millipore) ultrafiltration unit. Initial crystallization trials were performed at room 

temperature using the sitting-drop vapour-diffusion method with commercial screening 

solutions including Crystal Screen I and II (Hampton Research), JBScreen Basic 1-4 (Jena 

Bioscience) and Wizard III (Emerald Biosciences). The sitting drops were prepared by mixing 

0.2 µl of the protein solution and 0.2 µl of the reservoir solution in 96-well MRC plates 

(Swissci) using the Synquad (CARTESIAN) nanodispenser robot. Based on this initial 

screening, crystals were obtained using conditions 32 and 47 of Crystal Screen I and condition 

24 of Wizard III, all of which contained 2.0 M ammonium sulphate. These conditions were 

further optimized and single crystals, reaching a maximum size of 0.1 x 0.1 x 0.1 mm, were 

obtained over the course of a week. The final condition was: 2 M ammonium sulphate, 0.1 M 

sodium acetate (pH 4.8) and 1% (v/v) β-mercaptoethanol. For data collection, crystals were 

rapidly transferred to a cryosolution containing reservoir solution supplemented with 20% 

(v/v) glycerol and flash-frozen in liquid nitrogen. 

X-ray diffraction data to 1.75 Ǻ resolution were collected on the ID14-2 beamline at the 

ESRF (Grenoble, France) using a single frozen crystal (100 K). A total of 180º was collected 

with a 1º oscillation angle and exposure time of 1s. The diffraction images were processed 

with MOSFLM (Leslie, 2006). Data scaling, merging and reduction were carried out with 

programs of the CCP4 suite (Collaborative Computational Project, 1994). The CG-2 crystals 

belong to space group P212121, with unit-cell parameters of a = 65.85, b = 90.7, c = 151.66 Ǻ. 

I/σ(I) drops below 2.0 at 1.79 Ǻ resolution. However, to determine the highest -resolution 

cutoff for our data we used the correlation coefficient CC1/2 (Karplus & Diederichs, 2012). 
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Values of 72.6 % for the highest resolution shell supported our high resolution limit at 1.75 Ǻ. 

Data collection statistics are listed in Table 1. 

Structure determination and refinement 

An estimate of the solvent content of the CG-2 crystals (Matthews, 1968) suggested 

four (VM = 3.79 Ǻ3/Da) to six (VM = 2.52 Ǻ3/Da) molecules in the asymmetric unit. Self-

rotation analysis showed peaks corresponding to 3-fold (κ=120º) (parallel to the y-axis), and 

2-fold axes (κ=180º) (in the x-z plane) indicating the probable presence of six CG-2 

molecules in the asymmetric unit.  

The structure of CG-2 was determined using molecular replacement and the programs 

MOLREP (Vagin & Teplyakov, 2010) and PHASER (McCoy et al., 2007) from the CCP4 

suite (Collaborative Computational Project, 1994). The structure of CG-1A (40% sequence 

identity; PDB accession number 1QMJ; Varela et al., 1999) was used as the search probe with 

data up to 3.5 Å. The first rotational and translational searches using MOLREP only identified 

four monomers of the hexamer in the asymmetric unit. The best solution had an Rfactor and a 

MOLREP score of 0.615 and 0.188, respectively. This partial resolution was then refined by 

REFMAC (Murshudov et al., 2011). Subsequently, searches for the two remaining units were 

done using PHASER (McCoy et al., 2007), keeping fixed the already detected tetramer and 

using the model of one of the CG-2 units as a probe in a new query. A solution comprising six 

monomers (TFZ = 16.5, LLG = 479) was obtained and then refined by several rounds of 

simulated annealing, followed by further cycles of B-factor improvement with non-

crystallographic symmetry restraints. The final Rwork and Rfree factors were 18.9% and 22.7%, 

respectively. Manual model building/refinement cycles were done using COOT (Emsley et 

al., 2010) and REFMAC (Murshudov et al., 2011). Water molecules were gradually added 

during further conjugate-gradient refinement using COOT (Emsley et al., 2010). The 

stereochemistry of the final model was validated using Molprobity (Davis et al., 2007) with 
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no residues within prohibited regions of the Ramachandran plot. Protein-protein interactions 

were analysed using the PISA web server (Krissinel & Henrick, 2007). Refinement statistics 

are summarized in Table 1. 

Circular dichroism 

CD spectra were acquired in a J-810 spectropolarimeter, equipped with a Peltier 

temperature control system, using a band width of 1 nm and a response time of 4 s. Far UV 

spectra were recorded in 0.1 cm path-length quartz cells at a protein concentration of 0.2 

mg/ml in 5 mM sodium phosphate buffer, pH 7.2, containing 0.2 M NaCl and 4 mM β-

mercaptoethanol (PBSβ), while near UV spectra were registered at 1.0 mg/ml protein 

concentration in 1-cm path length cells. Buffer contribution was subtracted from protein raw 

data. Thermal denaturation experiments were carried out by increasing the temperature from 

30 to 90 ºC at a scanning rate of 0.66 ºC min-1. Spectra were recorded every 10 ºC and 

variations in ellipticity at a selected wavelength were then monitored every 0.2 ºC. Thermal 

denaturation profiles were described in terms of one or two sigmodial functions (Campanero-

Rhodes et al., 2006), depending on the number of transitions observed, using the equation: 

      [ ]{ }//expΔΘ 2/12/11
·TR·TT)(THD+Θ=Θ(T) iiiiΣ

n

=iN −−   

where Θ(T) is the ellipticity at absolute temperature T; ΘN,  the ellipticity of the native state; 

n, the number of transitions; ΔΘi, the variation in ellipticity associated with transition i; T1/2i 

and HDi, the half-transition temperature and the parameter accounting for the cooperativity of 

the respective transition; and R, the gas constant. 

Isothermal titration calorimetry 

ITC measurements were carried out at 25 °C in PBSβ buffer using a VP-ITC 

microcalorimeter (MicroCal) as described (Martín-Santamaría et al., 2011). Alternatively, 5 

mM HEPES, pH 7.2, containing 0.2 M NaCl and 4 mM β-mercaptoethanol (HEPESβ), a 

[ ]{ }·TR·TT)(THD+ iii 2/12/1 /exp1 −−
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buffer with an ionization enthalpy quite different from that of phosphate, was used to evaluate 

a possible contribution of protein/buffer proton exchange resulting from variations in the pKa 

values of protein groups upon lactose binding. Before measurements, protein samples were 

exhaustively dialyzed against the corresponding buffer and lactose solutions for titrating 

galectin samples were prepared using the last dialysis buffer. The heat developed by lactose 

dilution was determined in separate runs and subtracted from the apparent heat of reaction. 

The thermodynamic parameters were calculated by analysing the binding isotherms using the 

MicroCal Origin software. The monomer concentration of the lectins was used as input in the 

fitting procedures. 

 

Results and Discussion 

Overall description of the structure 

The crystal structure of CG-2 was determined at 1.75 Å resolution by molecular 

replacement, using previously published results for CG-1A as a search probe (PDB entry: 

1QMJ; (Varela et al., 1999). Statistics of data processing and refinement parameters of the 

structure are presented in Table 1. The final model comprises a total of six monomers with 

130 residues each, two lactose molecules and 507 water molecules. The asymmetric unit in 

the crystal contains three CG-2 dimers, in which the two subunits of each dimer are related by 

a non-crystallographic 2-fold axis. Thus, the crystal organization can be viewed as a non-

crystallographic trimer of dimers (Fig. 2a). Initial sedimentation equilibrium analyses at 

loading concentrations between 0.1 mg/ml and 1 mg/ml had shown CG-2 to be completely 

dimeric (Kaltner et al., 2008), as gel filtration had also so far not provided evidence for 

oligomerization (Beyer et al., 1980; Kaltner et al., 2008). However, the concentration could 

markedly matter. To test this assumption, further sedimentation velocity analyses were carried 

out at a higher protein concentration (4 mg/ml). They revealed the presence of a predominant 
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peak (70% of the total protein) with a sedimentation coefficient of 2.3 S (s20,w), corresponding 

to the CG-2 dimer,  together with species with s20,w values of 3.4 S and 5.7 S, accounting for 

14.9% and 14.6% of the total protein, respectively. Of note, a mass value of 86.3 kDa was 

estimated for the 5.7 S-species, fitting the mass of a hexamer. Thus, sedimentation velocity 

data are in favor of the formation of discrete oligomers by self-association of dimers at the 

protein concentration used for crystallization. Under similar conditions (5% (v/v) isopropanol 

in 2 M ammonium sulphate solution at pH 5.6), CG-1A is a dimer (Varela et al., 1999), as is 

also the case for CG-1B (López-Lucendo et al., 2009) and hGal-2 (Lobsanov et al., 1993). 

However, several cases are known with evidence for oligomerization, the lectin 2 from the 

basidomycete Coprinus cinereus (inky cap mushroom) (Cooper et al., 1997; López-Lucendo 

et al., 2004b; Walser et al., 2004), the N-domain of mouse galectin-4 (Krejčiřiková et al., 

2011), and the galectin from the marine sponge Cinachyrella sp. (Freymann et al., 2012), all 

of them crystallizing as tetramers. Furthermore, hGal-1, a dimer in crystals (López-Lucendo 

et al., 2004a), builds a dimer of dimers of cylindrical shape in solution in dimethyl sulfoxide 

(He et al., 2003). It is thus noteworthy that the mentioned galectins, given appropriate 

conditions, can self-associate to a quaternary structure beyond dimers. Still, the formation of a 

trimer of dimers is a unique feature of CG-2. 

Monomer architecture 

Looking at the CG-2 monomer, it adopts the typical galectin fold in which two anti-

parallel β-sheets of six (S1-S6) and five (Fl-F5) β-strands, connected by several loops, formed 

a β-sandwich structure (Fig. 2b). Topological alignment of the monomers revealed no 

significant conformational differences, the r.m.s. deviations on the level of Cα atom positions 

being low (0.30 Å for 130 atoms). Only two of the six binding sites in the crystallographic 

asymmetric unit host a ligand (Fig. 2b). Crystal packing leads to blocking of the other four 
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binding sites, at which a lactose molecule cannot be accommodated because of steric clashes 

(Fig. S1).  

With these data in hand, it was possible to address the issue whether CG-2 will present 

structural traits more akin to hGal-2 (interspecies comparison) than to CG-1A/B (intraspecies 

comparison) and hGal-1. Examining the superposed structures of these five galectins (Fig. 

2c), there indeed is a difference in the S4-S5 loop, which connects the antiparallel β-strands 

S4-S5. This loop is four residues shorter in CG-2 and hGal-2 compared with hGal-1/CG-

1A/B, in which the four additional amino acids protrude into the solvent (Ala-His-Gly-Asp in 

hGal-1; Cys-His-Gly-Asp in CG-1A and Ala-His-Gly-Asp in CG-1B). This special feature 

furnishes CG-2 and hGal-2 with an open cavity in this region, unlike the relatively narrow 

space in the vicinity of the carbohydrate-binding site of galectin-1 proteins, with potential 

consequences for ligand binding (please see below). The inspection of the structures also 

tracked down a minor local conformational change in the F5 β-strand of CG-2/hGal-2 vs 

hGal-1 and CG-1A/B (Fig. 2c), despite the high conservation of residues in this region (Fig. 

1a).  

Dimer interface  

The canonical dimer interface is formed by the S1 and F1 β-strands from the N- and 

C-termini of each subunit (Fig. 3a). They face each other to set up a large antiparallel β-sheet. 

Sequence deviations shown in Fig. 1 let architecture changes become likely. Indeed, the 

hydrogen-bond pattern between S1 β-strands harbours a distinct number of interactions, with 

four pairs of backbone hydrogen bonds between Met4, Glu6 and Phe8, whereas only two 

residues are involved in the other listed proteins (Glu6-Lys8 in hGal-2; Val6-Ser8 in hGal-1; 

Val6-Thr8 in CG1-A/B). On the other side of the interface, the two antiparallel F1 strands 

establish four pairs of backbone hydrogen bonds, involving Thr126, Phe128 and Val130, as 

similarly observed for hGal-1/2 and CG1-A/B.  
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Apart from this polar network, hydrophobic interactions also contribute significantly 

to the stability of the dimer. The distribution of non-polar side chains from both the S1 (Met4, 

Phe5 and Met7) and F1 strands (Val125, Phe128 and Val130) shapes a hydrophobic surface 

that partakes in dimer assembly. The most striking characteristic of the CG-2 dimer interface 

is the way the side chains of Phe5 and Phe128 become key constituents of the hydrophobic 

pocket (Fig. 3b). hGal-2 shares only one of these two Phe residues in the sequence (Fig. 1a). 

Furthermore, CG-2 extends the hydrophobic core through recruiting additional methionine 

side chains, in positions 4 and 7. These two methionines are characteristic of CG-2, disclosing 

that sequence diversification of galectin-2 proteins after the ancestral gene duplication in 

these two organisms resulted in more than conservative differences.  

In addition, the relative orientation of the monomers sets the CG-2 dimer apart from 

the canonical dimer displayed by the proto-type galectin-1 family (hGal-1, CG-1A/B) and 

also by hGal-2. Using superposition, the relatively large change in the arrangement of 

subunits in the CG-2 dimer is clearly seen in Fig. 4, with hGal-1 as control. A large rotation 

(approx. 25º) must be applied to bring the second subunit of the CG-2 dimer to its position in 

hGal-1. As a result, the extended β-sheet is less distorted in CG-2 than in CG-1A/B and the 

two human galectins. These disparities, given the similar overall fold of the monomers, are 

unlikely to be caused by crystal packing forces involving other regions of the protein (Fig. 

2a). In detail, the three dimers present in the crystal asymmetric unit can readily be placed 

onto each other with r.m.s. deviations for all Cα atoms of 0.8 Å.  Obviously, the fine structure 

of the interface and the shape distinguish CG-2 from CG-1A/B and hGal-1 and -2. These 

features can account for the distinct hydrodynamic behaviour of CG-2 reported previously, 

based on gel filtration, ultracentrifugation and measurement of the diffusion constant (Beyer 

et al., 1980; Kaltner et al., 2008; Göhler et al., 2012).  

Structure and stability in solution 
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In the first step, the far-UV CD spectrum of CG-2 was determined. The presence of a 

positive signal at 200 nm, together with a negative band centered at 219 nm (Fig. 5a), is 

indicative of β-sheet structure. Spectra obtained in the absence and presence of 0.1 M lactose 

indicated that there were no significant changes in secondary structure upon ligand binding in 

solution, in agreement with the crystallographic results. Comparison with the far-UV CD 

spectra of CG-1A and CG-1B (Fig. 5a) revealed smaller ellipticity signals for the two hGal-1 

orthologues and a shift of the minimum towards 217 nm. Of further note, the spectra of CG-

1A/B were significantly different from each other in the 220-234 nm region. These 

differences are compatible with presentation of distinctive structural features by each protein 

such as length and/or relative orientation of β-strands, sheets, and/or loops. 

The near-UV CD spectrum of CG-2 was characterized by the presence of a broad 

positive signal, from 254 to 305 nm, with defined bands at 277 and 284 nm, in the tyrosine 

region, and a faint shoulder at 290 nm, attributable to tryptophan (Fig. 5b). The intensity of 

these signals increased perceptibly in the presence of lactose, pointing to changes in the 

environment of tyrosine and tryptophan residues upon ligand binding while the phenylalanine 

region (254-270 nm) was not affected. Moving on to the comparison of the three CGs, the 

overall shape of the near-UV CD spectrum of CG-1A was similar, although signal intensity 

was reduced. Moreover, the influence of lactose binding was rather small and restricted to the 

region of 280-295 nm, probably due to changes in the environment of the tryptophan residue 

located at the binding site. On the other hand, the spectrum of CG-1B presented a negative 

band centered at 288 nm, and the binding of lactose substantially affected the whole spectrum, 

including the region attributable to phenylalanine residues. 

That the three proto-type CGs are sensitive to lactose binding to different degrees was 

also reflected by their responses to lactose presence when measuring the diffusion constant: 

its value increased by 5.6% for CG-1B, as that of hGal-1 (He et al., 2003; Göhler et al., 
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2010), whereas it decreased by 3.8% for CG-2 and remained unchanged for CG-1A (Göhler et 

al., 2012), in line with lactose-induced changes observed in the CD spectra.  

The stepwise heating of CG-2 resulted in the loss of tertiary and secondary structure, 

as evidenced by a progressive decrease of ellipticity signals both in the near- and far-UV CD 

spectra (Fig. 5c). CG-1B underwent similar changes, while for CG-1A changes were only 

apparent in the near-UV region. In contrast, the far-UV spectrum remained basically 

unaltered, with just a slight increase in negative ellipticity and significant noise below 210 nm 

at temperatures of 70 ºC and above (Fig. 5d). The denaturation process was monitored by 

measuring the decrease of ellipticity at an appropriate wavelength, that is, 217 nm for CG-

2/CG-1B and 270 nm for CG-1A, as a function of the temperature (Fig. 6). Denaturation was 

irreversible and the experimental curves were analyzed phenomenologically using a sigmoidal 

function (please see methods), yielding the T1/2 values compiled in Table 2. Both CG-2 and 

CG-1A denatured in a single cooperative process (Fig. 6a,b), as similarly observed for hGal-1 

(Nesmelova et al., 2010). Intriguingly, the denaturation profile of CG-1B showed two 

transitions (Fig. 6c) with a difference in T1/2 of 11.6 ºC. Owing to previous experiments, 

unveiling the formation of intra- (Cys2-Cys7) and intermolecular (Cys7-Cys7) disulfide 

bonds in CG-1B associated to protein oxidation (López-Lucendo et al., 2009), presence of 

these linkages in the thermally denatured protein was checked. Gel electrophoresis revealed 

the presence of a minor population of covalently-linked dimers, while mass spectrometric 

fingerprint analyses showed the formation of the intramolecular Cys2-Cys7 disulfide, the 

intensity of the respective ion being about 60% that of species without disulfide bridging. This 

result prompted the additional analysis of the C7S mutant of CG-1B. Its denaturation profile 

had a single transition (Fig. 6d), indicating that the two transitions observed for the wild-type 

protein were linked to the formation of disulfide-bonded species. Equally important in 

quantitative terms, the T1/2 obtained for the mutant was in the range of that found for CG-2, 
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clearly below that of CG-1A. Thus, despite the detected disparities in the interface, thermal 

stabilities of CG-2 and CG-1B appear to be similar. 

 The impact of ligand binding on the thermal stability of the three CGs was also 

assessed. In all three cases, the T1/2 increased with lactose binding, with the only exception of 

the second transition observed in the denaturation profile of CG-1B (Table 2). The increase in 

stability, however, differed markedly between the CGs, CG-2 being the frontrunner with a T1/2 

difference of 11.6 °C. The corresponding value was 2.5 °C for CG-1A (Table 2). The 

apparently protein-specific effect of lactose binding could derive from distinct ligand-induced 

structural changes but it may also reflect non-identical modes of binding and affinities. Thus, 

we next present details on the architecture of the binding site. 

Carbohydrate-binding site 

The concave surface of the β-sheet, comprising residues from the S4-S6 β-strands, 

constitutes the contact site for β-galactosides (Fig. 7a). Reflecting the common sequence 

signature of CGs (Kaltner et al., 2008), a series of conserved amino acid residues is present in 

this region, i.e. His45, Asn47, Arg49, Asn58, Trp65, Glu68, and Arg70. As noted above, two 

of the six CG-2 monomers in the crystallographic asymmetric unit were occupied by lactose. 

The bound conformer corresponds to the low-energy (syn) state, extending the data basis for 

conformer selection by CG-1A/hGal-1 in solution (Siebert et al., 1996; Asensio et al., 1999; 

Alonso-Plaza et al., 2001; Siebert et al., 2003; García-Aparicio et al., 2007; Solís et al., 

2009). When bound, the hydroxyl groups at 4’- and 6’-positions of galactose are the key 

contact sites for hydrogen bonding: the axial OH-4’ of galactose establishes these interactions 

with the functional groups of the well-conserved residues His45, Asn47 and Arg49, while the 

hydroxyl group at the 6’-position is hydrogen bonded to Asn58 and Glu68. The glucose ring, 

through its OH-3 group, engages in hydrogen bonds with Arg49, Glu68 and Arg70, the latter 

two residues being also connected by a hydrogen bond. The invariant impact of lactose 
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presence on Trp signals in CD spectroscopy is structurally explained by the C-H/π-interaction 

with Trp65, as also seen in hGal-1/-2 (López-Lucendo et al., 2004a; Lobsanov et al., 1993). 

Comparison of the architecture of the binding sites reveals that both CG-2 and hGal-2 

share the contact of the glucose ring with Arg70 via a hydrogen bond. This addition to the 

common hydrogen-bond network in the recognition of lactose by galectins is favoured by the 

presence of the conserved acidic residue Glu68. It is appropriately located for a salt-bridge 

interaction with Arg70, thereby positioning its guanidinium group close to the equatorial OH-

3 of glucose (3.1/2.8 Å NΕ Arg70 – O-3 in CG-2/h-Gal2, respectively) (Fig. 7b). In hGal-1, as 

well as in CG-1A/B, the corresponding Arg residue is too far from the OH-3 for making 

contact with this group. Due to the presence of the short S4-S5 loop in CG-2 and hGal-2, the 

open space in the region above position 3 of glucose enables the accommodation of an axial 

hydroxyl group, although with a concomitant decrease in binding affinity due to the loss of 

contacts of the equatorial OH-3, as in fact observed for the binding of the 3-epi derivative of 

methyl β-lactoside to CG-2 (Solís et al., 1996). In contrast, in hGal-1, as also in CG-1A/B, the 

longer S4-S5 loop places the conserved His52 at 4.8 Å over C3 of glucose. Whereas this type 

of placement for His52 maintains contact building with the galactose moiety, it may hinder 

the accommodation of axial substituents at position 3 of glucose.  

Thermodynamic parameters of lactose binding 

The thermodynamic parameters of the binding of lactose to CG-2 were assessed using 

isothermal titration calorimetry (ITC). The heat produced per mole of ligand injected as a 

function of the [lactose]/[CG] ratio is shown in Fig. 8. Experimental data, obtained at 25 ºC in 

PBSβ, could be fitted using a one-set-of-sites model, compatible with the presence of 1.08 ± 

0.1 binding sites per CG-2 subunit with an association constant of 6000 ± 300 M-1 and ∆H 

and ∆S values of -11.1 ± 0.9 kcal·mol-1 and -20 ± 3 cal·mol-1·K-1, respectively (Table 3). 

Comparable parameters were obtained for CG-1A under similar conditions, this galectin 
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exhibiting a perceptibly higher affinity derived from a larger enthalpic contribution to the 

binding. By contrast, the enthalpy change observed for CG-1B was noticeably smaller. It 

resulted in an association constant 3- to 5-fold lower than those obtained for the other two 

proto-type CGs, despite the rather atypically lower ∆S value (close to zero).  

In order to investigate the origin of these unusual parameters, other possible events 

that could contribute to the overall energetics of the process were explored. Titration of CG1-

B with lactose in HEPESβ yielded very similar thermodynamic parameters (Table 3), thus 

excluding a sizeable contribution of buffer ionization due to variations in the pKa values of 

protein induced by ligand binding (please see Materials and Methods). To evaluate a potential 

impact of disulfide bridge formation in CG-1B during titration, the thermodynamic 

parameters of lactose binding to the C7S mutant were measured. As shown in Table 3, ∆H 

and ∆S values calculated from the analysis approached those obtained for CG-2 and CG-1A, 

although the binding affinity remained in the same range, as the gain in favourable enthalpy 

was counteracted by a loss of entropy. The observed variations in enthalpy and entropy of 

binding between CG-1B and its C7S mutant point at disulfide bridging being a main factor to 

be reckoned with.  

Overall, the results indicate that there is not a clear-cut correlation between the 

different architectures of the carbohydrate-binding sites of CG-2 vs CG-1A/B and the 

thermodynamic parameters of lactose binding. CG-1A and CG-1B already differ in the 

contributions to the Gibbs’ free energy. Interestingly, CG-1B, the protein undergoing the 

largest ligand-induced changes in the near-UV CD spectrum, has the lowest binding affinity, 

whereas CG-1A, which displays rather small alterations in the spectrum, shows the highest 

affinity. These observations hint at the likely bearing of conformational rearrangements at 

sites other than the contact region for the ligand on the overall energetics of the binding 

process, what may vary with the nature of the ligand. Of interest, the conformational entropy 
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of the CRD of hGal-3 has been reported to be increased upon lactose binding without a major 

structural change, leading to the suggestion that affecting this parameter could conversely 

impact on the affinity of ligand binding (Diehl et al., 2009). As this example attests, altering 

conformational entropy will not necessarily engender an effect on the shape, because the 

diffusion constant of hGal-3 is not affected by ligand loading (Gohler et al., 2010).  

Conclusions 

The presented information of CG-2 completes the crystallographic analysis of 

homodimeric galectins in the chicken model system. It detects a shortened loop between 

strands S4 and S5, regional differences in the area for ligand contact, and unique features in 

the interface. Since counterreceptor selection critically depends on carbohydrate specificity 

and topological features (Murphy et al., 2013), the potential of CG-2 dimers to self-associate 

at high local concentration could explain its significantly higher abundance at saturation on 

the surface of avian B cells compared to CG-1A, despite a rather similar pattern of reactive 

glycoproteins for the two lectins (Schneller et al., 1995). This potential, which can be 

favoured by topologically suited counter-receptor presentation in microdomains (Stechly et 

al., 2009; Kopitz et al., 2010; Velasco et al., 2013), may be physiologically relevant. It is the 

case for induction of pentamerization of the chimera-type Gal-3 by polyvalent ligands, in 

model systems with synthetic ligands and in vitro (Ahmad et al., 2004; Kopitz et al., 2010). 

Hereby, the monomeric lectin turns into a competitive inhibitor of binding of homodimeric 

(cross-linking) proteins. The case of the tumor suppressor p16INK4a, which recruits hGal-1 to 

drive tumor cells into anoikis and at the same time downregulates Gal-3 availability, provides 

an example for functional divergence in a physiological context (André et al., 2007; Sanchez-

Ruderisch et al., 2010). 

Together with the tight regulation of expression of the three proto-type CGs with few 

cases of overlaps in the respective profiles (Kaltner et al., 2008; Kaltner & Gabius, 2012), 
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these structural insights intimate a low degree of functional redundancy. An excellent 

example for this concept is the preferential expression of CG-1A in the zeugopod region of 5-

day leg buds and its role in cell self-organizing dynamics to generate condensations and let 

cartilage mature in chicken limb skeletal morphogenesis (Bhat et al., 2011). The interplay 

with the tandem-repeat-type CG-8 in this process cascade certainly provides incentive to 

characterize this family member to the same extent. Of medical interest, a genetic 

polymorphism in the coding region of the N-terminal CRD of human galectin-8 (here the 

F19Y variant) was associated with autoimmune diseases (Pal et al., 2012). Recalling CG-2’s 

peculiar hydrodynamic behavior, explaining how the individual pattern of structural dynamics 

and flexibility is encoded in the sequence of the CGs is an attractive challenge, as it is to 

complete the crystallographic analysis for all five CGs, along with their spectroscopic and 

thermodynamic characterization. 

  

Data bank accession code 

The coordinates of CG-2 have been deposited in the RCSB under accession code 2YMZ. 
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Figure Legends 
 

Figure 1. Sequence alignment of CG-2 with those of (a) human galectins-1 and -2 (hGal-1/-2) 

and (b) with those of the other two proto-type CGs (CG-1A, CG-1B). Strictly conserved 

residues (red boxes) and homologous residues (> 70% conservation, white boxes with capital 

letters) are shown.  

 

Figure 2. Overall structure of CG-2. (a) Two different views of the asymmetric unit 

containing a total of six CG-2 units arranged into three dimers. The two subunits of each 

dimer (coloured in yellow, cyan and green) are related by a non-crystallographic 2-fold axis. 

(b) The CG-2 monomer adopts the typical β-sandwich fold formed by two anti-parallel β-

sheets of six (S1-S6) and five (Fl-F5) β-strands. The lactose molecule in the binding site of 

the right subunit is shown in the stick mode. (c) Superimposition of the Cα atoms of members 

of the proto-type group, i.e. CG-2 (yellow), CG1-A (PDB code: 1QMJ) (Varela et al., 1999) 

(magenta), CG1-B (PDB code: 3DUI) (López-Lucendo et al., 2009) (cyan), hGal-1 (PDB 

code: 1GZW) (López-Lucendo et al., 2004a) (black) and hGal-2 (PDB code: 1HLC) 

(Lobsanov et al., 1993) (green) (for sequences, please see Fig. 1). The region displaying the 

largest deviation (S4-S5 loop) is remarked. Figures were prepared using the program PYMOL 

(DeLano, 2002). 

 

Figure 3. Overview of the canonical interface of the CG-2 dimer. (a) S1 and F1 β-strands 

from the N- and C-termini are in the contact region, facilitating both polar and hydrophobic 

interactions. (b) The special distribution of non-polar side chains in both S1 and F1 strands 

establishes a hydrophobic surface. Most notable is the involvement of the side chains of Phe5 

and Phe128 within the core of the hydrophobic pocket (yellow). In addition, CG-2 extends the 

hydrophobic core through additional methionine side chains, in positions 4 and 7. 



 

 26 

 

Figure 4. Comparison of the dimer arrangement (left-side) in CG-2 (grey) and hGal-1 

(yellow). The superposition is based on one subunit of CG-2 and yielded a r.m.s.d. deviation 

of 0.4 Å for 130 residues. On the right-side a separated view of the superposition, from the 

bottom (lower panel) and from the top (upper panel). As can be seen on this last panel, a large 

rotation must be applied to bring the second subunit of the CG-2 dimer to the equivalent 

position in hGal-1. 

 

Figure 5. CD spectra of the three proto-type CGs. The far- (a) and near-UV (b) CD spectra of 

CG-2 (□,■), CG-1A (○,●) and CG -1B (∆,▲) were obtained at 20 ºC for 0.2 and 1 mg/ml 

solutions, respectively, in PBSβ, in the absence (open symbols) and presence (solid symbols) 

of 0.1 M lactose. Far-UV spectra of CG-2 (c) and CG-1A (d) recorded at 30 ºC (solid line), 50 

ºC (dash-dot line), 60 ºC (CG-2)/70 ºC (CG-1A) (dash line) and 90 ºC (dot line). 

 

Figure 6. Thermal denaturation profiles of CG-2 (a), CG-1A (b), CG-1B (c) and the C7S 

mutant of CG-1B (d). The variation of ellipticity with temperature was measured either at 217 

nm (a, c, d) or at 270 nm (b) in the absence (open symbols) and in the presence of 0.1 M 

lactose (solid symbols) for 0.2 (a, c, d) and 1 mg/ml (b) protein solutions in PBSβ. The 

continuous lines correspond to the fit of sigmoidal functions to experimental data. 

 

Figure 7. Carbohydrate-binding site of CG-2. (a) The lactose moiety and the amino acids of 

the hydrogen-bond network with the sugar are shown in the stick mode. Observed electron 

density map of lactose in a Fo-Fc omit map contoured at 2.0 σ. (b) Superposition of this site 

of CG-2 in ligand-loaded (grey) and ligand-free (cyan) forms.  

 

Figure 8. Representative calorimetric titrations of CG-2, CG-1A, CG-1B and the C7S mutant 
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of CG-1B with lactose. Symbols represent the heat released per mole of lactose injected as a 

function of the molar ratio between lactose and CG, the solid lines correspond to the best fit 

of the experimental data based on a one-set-of-sites model. Titrations were carried out at 25 

ºC by two successive series of injections of 11-13 mM lactose aliquots into the sample cell 

containing solutions with monomer concentrations of 192 μM CG-2 (□), 150 μM CG-1A (○), 

196 μM CG-1B (∆) or 80 μM of the C7S mutant of CG-1B () in PBSβ. 
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Table 1.  Data collection and refinement statistics  
 
  
Data collection  
Space group P212121 

Cell dimensions (Å) a = 65.85, b = 90.7, c = 151.66 

Resolution (Å) (outermost shell) 43.6 – 1.75 (1.84 – 1.75)* 
Rmerge 0.065 (0.479) 
I / σI 5.7 (1.6) 
Completeness (%) 98.0 (88.6) 
Multiplicity 6.5 (3.8) 
Reflections measured 587,745 (44,993) 
Unique Reflections 90,417 (11,740) 
B-Factor (Wilson) (Å2) 25.05 

Mosaicity (º) 0.2 
  
Refinement  
Resolution (Å) 43.6 – 1.75 
No. reflections 85,820 (4,511) 
Rwork / Rfree (%) 18.9 / 22.7 
No. atoms  
    Protein 6354 
    Ligand/ion 46 
    Water 507 
B-factors  

    Protein 30.05 
    Ligand/ion 53.2 
    Water 40.5 
R.m.s. deviations  
    Bond lengths (Å) 0.019 
    Bond angles (°) 2.171 
 
*Values in parentheses are for outer-resolution shell.  
Rmerge=Σ|I−<I>|/ΣI, where I is the measurement of the intensity for each reflection and <I> is the mean intensity of that 
reflection.  
Rwork = ∑|Fo − Fc|/∑Fo, where Fo and Fc are the observed and calculated structure factor amplitudes, respectively. Rfree is 
calculated as for Rwork but for a subset of randomly chosen reflections (5%), which were not used for structure refinement. 
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Table 2.  Transition temperatures of thermal denaturation of proto-type chicken galectins 
monitored by circular dichroism 
 
Galectin T1/2 (ºC) 

- + Lac 0.1 M  
CG-2 57.9 ± 0.15 69.5 ± 0.1 
CG-1A 71.5 ± 0.25 74.0 ± 0.2 
CG-1B 
    wild-type 

 
65.0 ± 0.2 
76.6 ± 0.2 

 

 
72.4 ± 0.1 

    C7S mutant  60.5 ± 0.1 67.4 ± 0.1 
 
 
 
 
Table 3. Thermodynamic parameters for lactose binding to the proto-type chicken galectins 
obtained by ITC 
 
Protein Buffer Ka 

(M-1) 
ΔG 

(kcal·mol-1) 
ΔH 

(kcal·mol-1) 
ΔS 

(cal·mol-1·K-1) 
CG-2 PBSβ 6000 ± 300 -5.14 ± 0.03 -11.1 ± 0.9 -20 ± 3 
CG-1A PBSβ 9000 ± 700 -5.38 ± 0.06 -12.1± 0.7 -23 ± 2 
CG-1B      
    wild type PBSβ 1790 ± 200 -4.42 ± 0.07 -4.1 ± 0.3 1 ± 0.7 
 HEPESβ 2230 ± 20 -4.55 ± 0.01 -4.46 ± 0.02 0.4 ± 0.09 
    C7S mutant PBSβ 1600 ± 200 -4.36 ± 0.07 -9.0 ± 0.4 -16 ± 1 
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Figure 2. 
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Figure 6 
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Figure 7 
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