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Abstract
Galectin-related protein (GRP) is present in vertebrates. Sequence comparisons between GRPs from diverse species reveal an unusually high degree of similarity indicative of a strong positive selection. In solution, human and chicken GRPs are monomers irrespective of the presence of the 36-amino-acid-long extension of the core structure at the N-terminus. They are devoid of ability to bind lactose due to severe deviations from the respective sequence signature. Crystallography disclosed distortion of the binding-site architecture that precludes accommodation of lactose. The recent characterization of expression of chicken GRP (C-GRP) enables complete galectin network analysis in this organism. When tested in a panel of developing and adult organs, C-GRP presence was detected in bursa of Fabricius. Its epithelium and vessels as well as bursal B cells are positive in immunohistochemistry. In the B lymphocytes, C-GRP was predominantly cytoplasmic, whereas the chicken tandem-repeat-type galectin, the second member of the galectin family expressed in these cells, was detected at the surface. Binding of labeled C-GRP to cells and sections was blocked by heparin. These data illustrate disparities in expression and ligand profiles within the galectin family and hereby stimulate interest to perform respective mapping for mammalian GRPs as step to define its physiological function(s).

A. Introduction
The prominent positioning of glycans on cell surfaces is ideal for major functions in cell sociology, what has provoked curiosity and the interest to understand why they appear to be a molecular fingerprint (1). In terms of structural variability, a wide array of enzymes is responsible for ensuring that glycans realize their unsurpassed capacity to store biological information in a minimum of space (2-13). Remarkably, the study of glycan structures in relation to phylogenesis revealed a separation into distinct profiles, e.g. yeast, worm, insect or mammalian N-glycosylation with an emergence of intricate (complex-type) branch-end tailoring in vertebrates (14-16). Since the termini of glycan chains are readily accessible for molecular recognition by receptors (lectins), the ensuing functional pairing has become an integral part of our view on the flow of biological information (17), directing attention to studying these ‘readers’ of sugar-encoded ‘messages’. Indeed, protein folds with sites to accommodate glycans occur frequently in Nature and have been delineated as versatile platforms for generating a wide variety of lectins (18-24). As their thorough analysis on the level of genes and crystal structures attests, an ancestral motif is the starting point for generating up to multiple homologous proteins during the course of evolution, a process establishing diversity in the families of lectins (18,23,25-30). Among them, the ga(lactose-binding)lectins that share the -sandwich fold provide an instructive example for forming a network of -galactoside-specific receptors (29,31-36). Intriguingly, sequence diversification even led to family members without ability to bind the canonical ligand.

B. The Galectin Network
Systematic searches in databanks that compile information on the level of genomes to track down all relevant sequences has facilitated to present an overview on galectin occurrence in different branches of the scheme of a phylogenetic tree shown in Fig. 1. Obviously, galectins are widely distributed. Looking at the given examples of widely used model organisms and man, their numbers and internal distribution of network members to groups classified according to modular architecture vary between species. Among the listed vertebrates, the total number is between seven (chicken) and 15 (man). Since monitoring of galectin expression on the levels of transcripts and of proteins has clearly documented the possibility of co-expression of two or more family members and evidence for individual localization profiles, e.g. in the murine digestive tract (37,38) or in human tumors (39-42), reaching a comprehensive profiling becomes an aim of further efforts. Starting to address this challenge of a complete network analysis is strategically best done by working with an organism that presents all structural groups given in Fig. 1 at a comparatively small number of individual proteins. This reasoning has guided us to chicken galectins (CGs) with their total of seven proteins, whose sequence alignments and phylogenetic family-tree diagram are presented in Fig. 2. Examining the top of Fig. 2 helps to spot a peculiar consequence of sequence divergence among CGs. It is the loss of four otherwise strictly conserved contact sites to the canonical ligand lactose in one case, i.e. the galectin-related protein (GRP). This member of the galectin family thus appears to be an example of natural lectin engineering, in contrast to purposefully designing and producing a new tool with useful properties in the laboratory (43-46). The first question to answer for GRP was to examine its range of occurrence in phylogenesis.

C. GRP in Phylogenesis
Historically, existence of GRP had first been reported for man. In detail, mapping the gene expression profile of human CD34-positive haematopoietic stem/progenitor cells (HSPCs) included, among the 300 cDNA clones, the sequence of a galectin-like mRNA termed HSPC159 (47). As depicted in both parts of Fig. 3, the sequence of human GRP deviates from the canonical galectin sequence signature for contact to lactose in five of seven positions. Of note, it also harbors an N-terminal extension of 36 amino acids, whose occurrence accounts for its designation as an N-tailed proto-type protein used in Fig. 1. Like the gene for the galectin-related inter-fiber protein (GRIFIN) (48,49), GRP’s gene is present throughout vertebrates (Fig. 3). The chromosomal environment of this gene is rather similar in the various species, pointing to its single-event implementation already at an early stage of vertebrate phylogenesis (50). 
The close inspection of the listed sequences reveals two salient points. The number of deviations from the sequence signature can vary between two and five among species (Fig. 3A,B). Fundamentally different from the situation seen for GRIFIN (49), no reconstitution to the canonical constellation is observed. Next, as also discerned from Fig. 3A, the degree of sequence conservation of GRP among vertebrates is exceptionally high, human and murine GRPs for example only differing in one amino acid (at position 24). On this basis, it has been suggested that “the entire coding sequence is under very strong positive selection, as generally seen for genes encoding proteins with multiple aspects involved in critical interactions” (34). These two features, i.e. i) the assumed loss of ability for binding lactose and ii) the implied particular physiological relevance, has prompted crystallographic characterization of GRP.

D. Structure of GRP
Structural parameters obtained by X-ray crystallography are available for human and chicken GRP. In order to obtain crystals it was in both cases necessary to remove the N-terminal tail of GRP (to produce a shortened version trimmed to the carbohydrate recognition domain, i.e. GRP-C). Furthermore, purification of GRP-C had to include a tagging approach, because these GRPs indeed lacked binding to lactose-bearing beads commonly used for affinity chromatography. Crystals of human and chicken GRP-C diffracted X-rays to a resolution of 2.0 Å (human) and 1.55 Å (chicken) (50-53). As shown for chicken GRP-C (C-GRP-C) in Fig. 4A, the monomer displays the common -sandwich fold with its two anti-parallel -sheets. Topological consequences of the changes of amino acids at positions relevant for lactose binding in the canonical sequence signature, as for example highlighted in Fig. 3B, already offer clues to explain the lack of lactose binding (Fig. 4B). In fact, when superimposing this constellation with the corresponding amino-acid positioning of an active CG, i.e. CG-2 (54), especially the protrusion of the side chain of Lys51 becomes obvious (Fig. 4C). It precludes accommodation of lactose despite the conserved presence of Trp in the center. This positioning in human GRP “ruins the carbohydrate-binding pocket, leading to that it is impossible for the galactose to enter and orient in the groove correctly” (53). Equivalently, the vital Arg-to-Val substitution following the presence of this topologically unfavorable Lys side chain in the sequence and, for human GRP, the Trp-to-Arg change contribute to further distort the architecture of the binding site, as the biochemically drastic His-to-Glu and Asn-to-Lys alterations do. Thus, the central positions for ‘reading’ the axial 4-hydroxyl group of galactose are lost (14). In sum, these deviations lead to the observed lack of affinity of human and C-GRP for lactose. Whereas it is unique for CGs, such a loss has already been described in the cases of rat GRIFIN (49, 55) and human galectin-10 (56).
In solution, C-GRP-C, like human GRP-C, is monomeric (50, 52, 53) and not active as haemagglutinin (50). Interestingly, rat galectin-5 that shares presence of an N-terminal extension and monomer status in solution is a weak haemagglutinin (57, 58). However, this galectin binds β-galactosides, a property connected to the assumed role of the protein in exosome generation during rat reticulocyte maturation (59). Thus, C-GRP may likely be less prone to self-aggregation in the presence of a ligand and/or find no binding partner on rabbit erythrocytes, in contrast to all other CGs (50). Except for C-GRIFIN, a lens-specific protein (48, 49), these canonical (lactose-binding) members of the family have rather broad but individually distinct expression profiles, for example in cartilage and retina (60, 61). To answer the question on the characteristics of expression of C-GRP systematic comparative analysis was performed. Since an expressed sequence tag (EST) had been isolated from chicken bursal B lymphocytes (AJ453496), profiling of C-GRP expression could consider extracts of bursa of Fabricius as positive case for this step toward completing network analysis of CGs on the level of expression in organs.

E. Localization of C-GRP
Initial expression profiling of C-GRP by RT-PCR analysis resulted in a signal at the predicted length of the product, when working with cDNA preparations of various organs such as heart, kidney, small intestine and thymus, along with the positive controls from bursa of Fabricius and B cells (62). Material from liver was invariably negative, serving as negative control. In mammals, a similarly broad expression profile of GRP-coding mRNA had been recorded on the basis of EST entries (34).
Tested in extracts of various organs on the level of the protein by Western blotting with a specific (non-cross-reactive) antibody preparation, however, presence of C-GRP was detected only in extracts of bursa of Fabricius and isolated B cells (Fig. 5), and in bursal extract along with five CGs, i.e. CG-1A, -1B , -2, -3 and -8 (62). Extracts of esophagus, spleen or thymus (of adult animals) or of brain and intestine (of 20-day-old chicken) were negative. The strong signal shown in Fig. 5 encouraged to initiate description of the localization of C-GRP, and this in relation to the respective properties of the listed five CGs, in sections of bursa of Fabricius (at its stage of full maturation in 4-week-old chicken). By presenting a schematic view on the histological structures appearing in a section through a bursal follicle (Fig. 6, center; for detailed explanations, please see legend) as well as microphotographs of the six individual staining profiles and the introduction of this experimental information into a schematic representation in each case (Fig. 6, clockwise arrangement for the six CGs), the existence of staining patterns with non-uniform aspects and overlaps is documented. With focus on C-GRP, it is present in the epithelium (interfollicular surface, follicular-associated and cortico-medullary epithelia), endothelial cells and B cells, here more cytoplasmic than on the surface (where CG-8 mostly resides) (62). These structural elements, together with isolated bursal B cells and cells of a chicken B lymphoma line (DT40), were also reactive with labeled C-GRP (Table I). This approach to localize accessible sites that qualify as ligands was also applied comparatively with the other CGs (62), as compiled in Table I.
Having obtained a signal in this line of experiments using fluorescent C-GRP, that means evidence for binding of C-GRP to distinct structures in the tissue sections, made testing of glycocompounds possible to identify an inhibitor. Heparin turned out to be effective to inhibit C-GRP binding, whereas its presence had no effect on binding of CG-8 (62). Obviously, the sensitivity of binding of these two proteins in the same regions of sections and to B cells to presence of heparin differs. As described for human galectin-10 (56) and a fungal galectin (63), the noted sequence alterations in GRPs can thus redesign the galectin fold for contact to glycan ligands different from the canonical -galactosides. The additional Trp-to-Arg substitution separating C- and mammalian GRPs on the level of the sequence signature (please see Fig. 3A,B) may well engender to cause diversity in the nature of binding partners so that simple extrapolations of data from C-GRP to GRPs from species differing at this position, as shown in Fig. 3B, are not advised.

F. Conclusions
GRP is a monomeric member of the galectin family present in vertebrates with high-level sequence similarity, signifying a strong positive selection. Crystallographical analysis of avian and human GRP structures explains why the deviations from the sequence signature abolish binding to the canonical ligand lactose. As a step toward delineating its physiological significance and its place in the complete galectin network, expression profiling in chicken organs identified bursa of Fabricius and especially B cells as sites of C-GRP presence. Binding of fluorescent C-GRP was blocked by heparin instead of lactose used for the other CGs. These results direct further work to monitoring expression of mammalian GRP and tracing GRP counterreceptor(s).

Acknowledgements
The inspiring discussions with Drs. B. Friday and A. Leddoz are gratefully acknowledged, as are the valuable recommendations by the reviewers.

References


[bookmark: _ENREF_1]1.	Sharon, N. (1975) Complex Carbohydrates. Their chemistry, biosynthesis, and functions. Addison-Wesley Publ. Co. Reading, MA, USA.
[bookmark: _ENREF_2]2.	Brockhausen, I., and Schachter, H. (1997) Glycosyltransferases involved in N- and O-glycan biosynthesis, in Glycosciences: Status and Perspectives (Gabius, H.-J., and Gabius, S., eds.) Chapman & Hall, London - Weinheim, pp. 79-113.
[bookmark: _ENREF_3]3.	Reuter, G., and Gabius, H.-J. (1999) Cell. Mol. Life Sci. 55, 368-422.
[bookmark: _ENREF_4]4.	Kobata, A. (2000) Glycoconj. J. 17, 443-464.
[bookmark: _ENREF_5]5.	Schachter, H. (2000) Glycoconj. J. 17, 465-483.
[bookmark: _ENREF_6]6.	Patsos, G., and Corfield, A. (2009) O-Glycosylation: structural diversity and function, in The Sugar Code. Fundamentals of glycosciences (Gabius, H.-J., ed. Wiley-VCH, Weinheim, Germany, pp. 111-137.
[bookmark: _ENREF_7]7.	Zuber, C., and Roth, J. (2009) N-Glycosylation, in The Sugar Code. Fundamentals of glycosciences (Gabius, H.-J., ed. Wiley-VCH, Weinheim, Germany, pp. 87-110.
[bookmark: _ENREF_8]8.	Takashima, S., and Tsuji, S. (2011) Trends Glycosci. Glycotechnol. 23, 178-193.
[bookmark: _ENREF_9]9.	Togayachi, A., and Narimatsu, H. (2012) Trends Glycosci. Glycotechnol. 24, 95-111.
[bookmark: _ENREF_10]10.	Gabius, H.-J. (2015) Trends Biochem. Sci. 40, 341.
[bookmark: _ENREF_11]11.	Bhide, G. P., and Colley, K. J. (2017) Histochem. Cell Biol. 147, 149-174.
[bookmark: _ENREF_12]12.	Corfield, A. (2017) Histochem. Cell Biol. 147, 119-147.
[bookmark: _ENREF_13]13.	Gabius, H.-J., and Roth, J. (2017) Histochem. Cell Biol. 147, 111-117.
[bookmark: _ENREF_14]14.	Hirabayashi, J. (1996) Quart. Rev. Biol. 71, 365-380.
[bookmark: _ENREF_15]15.	Wilson, I. B. H., Paschinger, H., and Rendic, D. (2009) Glycosylation of model and 'lower' organisms, in The Sugar Code. Fundamentals of glycosciences (Gabius, H.-J., ed. Wiley-VCH, Weinheim, Germany, pp. 139-154.
[bookmark: _ENREF_16]16.	Corfield, A. P., and Berry, M. (2015) Trends Biochem. Sci. 40, 351-359.
[bookmark: _ENREF_17]17.	Gabius, H.-J., Manning, J. C., Kopitz, J., André, S., and Kaltner, H. (2016) Cell. Mol. Life Sci. 73, 1989-2016.
[bookmark: _ENREF_18]18.	Hirabayashi, J. (1993) Trends Glycosci. Glycotechnol. 5, 251-270.
[bookmark: _ENREF_19]19.	Rini, J. M. (1995) Annu. Rev. Biophys. Biomol. Struct. 24, 551-577.
[bookmark: _ENREF_20]20.	Lis, H., and Sharon, N. (1998) Chem. Rev. 98, 637-674.
[bookmark: _ENREF_21]21.	Kilpatrick, D. C. (2002) Biochim. Biophys. Acta 1572, 187-197.
[bookmark: _ENREF_22]22.	Fujimoto, Z., Tateno, H., and Hirabayashi, J. (2014) Meth. Mol. Biol. 1200, 579-606.
[bookmark: _ENREF_23]23.	Solís, D., Bovin, N. V., Davis, A. P., Jiménez-Barbero, J., Romero, A., Roy, R., Smetana Jr., K., and Gabius, H.-J. (2015) Biochim. Biophys. Acta 1850, 186-235.
[bookmark: _ENREF_24]24.	Manning, J. C., Romero, A., Habermann, F. A., García Caballero, G., Kaltner, H., and Gabius, H.-J. (2017) Histochem. Cell Biol. 147, 199-222.
[bookmark: _ENREF_25]25.	Gabius, H.-J. (1997) Eur. J. Biochem. 243, 543-576.
[bookmark: _ENREF_26]26.	Gready, J. N., and Zelensky, A. N. (2009) Routes in lectin evolution: case study on the C-type lectin-like domains, in The Sugar Code. Fundamentals of glycosciences (Gabius, H.-J., ed. Wiley-VCH, Weinheim, Germany, pp. 329-346.
[bookmark: _ENREF_27]27.	Satoh, T. (2012) Trends Glycosci. Glycotechnol. 24, 193-202.
[bookmark: _ENREF_28]28.	Macauley, M. S., Crocker, P. R., and Paulson, J. C. (2014) Nat. Rev. Immunol. 14, 653-666.
[bookmark: _ENREF_29]29.	Kaltner, H., Toegel, S., García Caballero, G., Manning, J. C., Ledeen, R. W., and Gabius, H.-J. (2017) Histochem. Cell Biol. 147, 239-256.
[bookmark: _ENREF_30]30.	Mayer, S., Raulf, M. K., and Lepenies, B. (2017) Histochem. Cell Biol. 147, 223-237.
[bookmark: _ENREF_31]31.	Hirabayashi, J., and Kasai, K.-i. (1993) Glycobiology 3, 297-304.
[bookmark: _ENREF_32]32.	Barondes, S. H. (1997) Trends Glycosci. Glycotechnol. 9, 1-7.
[bookmark: _ENREF_33]33.	Hirabayashi, J. (ed.) (1997) Trends Glycosci. Glycotechnol. 9, 1-180.
[bookmark: _ENREF_34]34.	Cooper, D. N. W. (2002) Biochim. Biophys. Acta 1572, 209-231.
[bookmark: _ENREF_35]35.	Kaltner, H., and Gabius, H.-J. (2012) Histol. Histopathol. 27, 397-416.
[bookmark: _ENREF_36]36.	Thiemann, S., and Baum, L. G. (2016) Annu. Rev. Immunol. 34, 243-264.
[bookmark: _ENREF_37]37.	Nio, J., Kon, Y., and Iwanaga, T. (2005) J. Histochem. Cytochem. 53, 1323-1334.
[bookmark: _ENREF_38]38.	Nio-Kobayashi, J., Takahashi-Iwanaga, H., and Iwanaga, T. (2009) J. Histochem. Cytochem. 57, 41-50.
[bookmark: _ENREF_39]39.	Gabius, H.-J., Brehler, R., Schauer, A., and Cramer, F. (1986) Virch. Arch. [Cell. Pathol.] 52, 107-115.
[bookmark: _ENREF_40]40.	Dawson, H., André, S., Karamitopoulou, E., Zlobec, I., and Gabius, H.-J. (2013) Anticancer Res. 33, 3053-3059.
[bookmark: _ENREF_41]41.	Katzenmaier, E.-M., André, S., Kopitz, J., and Gabius, H.-J. (2014) Anticancer Res. 34, 5429-5438.
[bookmark: _ENREF_42]42.	Zivicova, V., Broz, P., Fík, Z., Mifkova, A., Plzak, J., Cada, Z., Kaltner, H., Kucerova, J. F., Gabius, H.-J., and Smetana, K., Jr. (2017) Anticancer Res. 37, 2275-2288.
[bookmark: _ENREF_43]43.	Kopitz, J., Fík, Z., André, S., Smetana, K. J., and Gabius, H.-J. (2013) Mol. Pharmaceut. 10, 2054-2061.
[bookmark: _ENREF_44]44.	Hu, D., Tateno, H., and Hirabayashi, J. (2015) Molecules 20, 7637-7656.
[bookmark: _ENREF_45]45.	Swanson, M. D., Boudreaux, D. M., Salmon, L., Chugh, J., Winter, H. C., Meagher, J. L., André, S., Murphy, P. V., Oscarson, S., Roy, R., King, S., Kaplan, M. H., Goldstein, I. J., Tarbet, E. B., Hurst, B. L., Smee, D. F., de la Fuente, C., Hoffmann, H. H., Xue, Y., Rice, C. M., Schols, D., García, J. V., Stuckey, J. A., Gabius, H.-J., Al-Hashimi, H. M., and Markovitz, D. M. (2015) Cell 163, 746-758.
[bookmark: _ENREF_46]46.	Zhang, S., Moussodia, R.-O., Murzeau, C., Sun, H. J., Klein, M. L., Vértesy, S., André, S., Roy, R., Gabius, H.-J., and Percec, V. (2015) Angew. Chem. Int. Ed. 54, 4036-4040.
[bookmark: _ENREF_47]47.	Zhang, Q. H., Ye, M., Wu, X. Y., Ren, S. X., Zhao, M., Zhao, C. J., Fu, G., Shen, Y., Fan, H. Y., Lu, G., Zhong, M., Xu, X. R., Han, Z. G., Zhang, J. W., Tao, J., Huang, Q. H., Zhou, J., Hu, G. X., Gu, J., Chen, S. J., and Chen, Z. (2000) Genome Res. 10, 1546-1560.
[bookmark: _ENREF_48]48.	García Caballero, G., Kaltner, H., Michalak, M., Shilova, N., Yegres, M., André, S., Ludwig, A. K., Manning, J. C., Schmidt, S., Schnölzer, M., Bovin, N. V., Reusch, D., Kopitz, J., and Gabius, H.-J. (2016) Biochimie 128-129, 34-47.
[bookmark: _ENREF_49]49.	García Caballero, G., Manning, J. C., Ludwig, A.-K., Ruiz, F. M., Romero, A., Kaltner, H., and Gabius, H.-J. Trends Glycosci. Glycotechnol., submitted.
[bookmark: _ENREF_50]50.	García Caballero, G., Flores-Ibarra, A., Michalak, M., Khasbiullina, N., Bovin, N. V., André, S., Manning, J. C., Vértesy, S., Ruiz, F. M., Kaltner, H., Kopitz, J., Romero, A., and Gabius, H.-J. (2016) Biochim. Biophys. Acta 1860, 2285-2297.
[bookmark: _ENREF_51]51.	Zhou, D., Sun, J., Zhao, W., Zhang, X., Shi, Y., Teng, M., Niu, L., Dong, Y., and Liu, P. (2006) Acta Crystallogr. F62, 474-476.
[bookmark: _ENREF_52]52.	Wälti, M. A., Thore, S., Aebi, M., and Kunzler, M. (2008) Proteins 72, 804-808.
[bookmark: _ENREF_53]53.	Zhou, D., Ge, H., Sun, J., Gao, Y., Teng, M., and Niu, L. (2008) Proteins 71, 1582-1588.
[bookmark: _ENREF_54]54.	Ruiz, F. M., Fernández, I. S., López-Merino, L., Lagartera, L., Kaltner, H., Menéndez, M., André, S., Solis, D., Gabius, H.-J., and Romero, A. (2013) Acta Crystallogr. D69, 1665-1676.
[bookmark: _ENREF_55]55.	Ogden, A. T., Nunes, I., Ko, K., Wu, S., Hines, C. S., Wang, A. F., Hegde, R. S., and Lang, R. A. (1998) J. Biol. Chem. 273, 28889-28896.
[bookmark: _ENREF_56]56.	Swaminathan, G. J., Leonidas, D. D., Savage, M. P., Ackerman, S. J., and Acharya, K. R. (1999) Biochemistry 38, 13837-13843.
[bookmark: _ENREF_57]57.	Gitt, M. A., Wiser, M. F., Leffler, H., Herrmann, J., Xia, Y., Massa, S. M., Cooper, D. N. W., Lusis, A. J., and Barondes, S. H. (1995) J. Biol. Chem. 270, 5032-5038.
[bookmark: _ENREF_58]58.	André, S., Kaltner, H., Lensch, M., Russwurm, R., Siebert, H.-C., Fallsehr, C., Tajkhorshid, E., Heck, A. J. R., von Knebel-Döberitz, M., Gabius, H.-J., and Kopitz, J. (2005) Int. J. Cancer 114, 46-57.
59.	Barrès, C., Blanc, L., Bette-Bobillo, P., André, S., Mamoun, R., Gabius, H.-J., and Vidal, M. (2010) Blood 115, 696-705.
[bookmark: _ENREF_59]60.	Kaltner, H., Singh, T., Manning, J. C., Raschta, A.-S., André, S., Sinowatz, F., and Gabius, H.-J. (2015) Anat. Rec. 298, 2051-2070.
[bookmark: _ENREF_60]61.	Manning, J. C., García Caballero, G., Knospe, C., Kaltner, H., and Gabius, H.-J. (2017) J. Anat. 231, 23-37.
[bookmark: _ENREF_61]62.	Kaltner, H., García Caballero, G., Sinowatz, F., Schmidt, S., Manning, J. C., André, S., and Gabius, H.-J. (2016) Biochim. Biophys. Acta 1860, 2298-2312.
[bookmark: _ENREF_62]63.	Wälti, M. A., Walser, P. J., Thore, S., Grunler, A., Bednar, M., Kunzler, M., and Aebi, M. (2008) J. Mol. Biol. 379, 146-159.



Figure legends
Figure 1. Schematic overview of the composition of the galectin family in organisms of different branches of the phylogenetic tree. Evidence for presence as gene (Roman number), mRNA (Arabic number) and protein (numerical information) is listed for each group. N-Terminal extensions of the common carbohydrate recognition domain (CRD) have been reported in vertebrates for GRP (36–85 amino acids; please see also Fig. 3), Cterminal extensions for galectins of C. elegans (40 amino acids for Lec-7, 41 for Lec-8, 53 for Lec-10 and 90 for Lec-11). In this species, binding activity when exposed to the canonical ligand lactose has been described for Lec-1, -2, -3, -4, -6, -10 and -12 (DC2.3), whereas the C-tailed proto-type galectin Lec-8 and the proto-type Lec-9 bound weakly to asialofetuin (21%/9% relative to the activity of Lec-1 used as standard), respective activity of Lec-5, Lec-7 and Lec-11 not yet been tested. GRIFIN (+) is special due to its species-dependent variability of lectin activity, proto-type galectin-5 (†) is present exclusively in the rat, tandem-repeat-type galectin-6 (*) is found exclusively in the mouse with presence/absence polymorphism, revealing that even closely related organisms and strains of the same species can have different compositions of the galectin family. The tandem-repeat-type galectins of the eastern and pearl oyster (#) are special by presenting four different CRDs in a protein (from (48), extended and modified).

Figure 2. Alignment of the amino acid sequence section that covers the signature region of C-GRP-C (residue 37 is set to position 1 for alignment) with those of the CRDs of the other members of the CG family and the resulting phylogenetic tree diagram. Highlighted by coloring are the strictly conserved (red background) and homologous residues (>70% conservation; boxed red letters). Amino acids in contact with the canonical ligand lactose by hydrogen bonding or C–H/π-interactions are marked with asterisks. One-amino-acid shift for CG-3 would increase degree of conservation at the seventh position of the sequence signature, as indicated.

Figure 3. Sequence comparisons between vertebrate GRPs. (A) Alignment of the amino acid sequence of GRP-C with those of GRPs of man, mouse, frog and zebrafish. The sequence presentation is divided into the N-terminal tail and the CRD. Highlighted by coloring is done as explained in the legend of Fig. 2. The residues of the canonical lactose-binding amino acid signature sequence are shown in green above the alignment. (B) Correlation between the molecular nature of the deviations from the signature sequence and the type of vertebrate species illustrated in a phylogenetic tree diagram. As internal standard, the signature sequence is given in the left side (bottom; please see also part A). The residues matching the signature sequence are indicated by green colored letters, whereas deviations are shown in red.

Figure 4. Crystallograhic informations. (A) Crystal structure of the C-GRP-C monomer. The figure presents the structure of the protein crystallized at pH 6.5 at a resolution of 1.55 Å (PDB code: 5IT6). (B) Detailed view on the amino acids at the positions of the signature sequence (for listing of deviations, please see Fig. 3A, B). (C) Comparison between the modes of presentation of the amino acids in the sequence signature for a canonical CG, i.e., CG-2, with the situation in C-GRP-C. Superposition of the structure of the lactose-binding site of CG-2 (in yellow, PDB code: 2YMZ) with that of C-GRP-C is shown. Residues illustrate the consequences of the sequence deviations, e.g. the positioning of Lys51’s side chain to preclude accommodation of lactose, as given in the text.


Figure 5. Detection of C-GRP presence in extracts of organs/cells of 4-week-old chicken by Western blotting. Extracts from tissue samples (100 μg total protein; liver, kidney, heart and bursa of Fabricius) and isolated bursal B cells (50 μg and 100 μg total protein) were processed using an IgG fraction against C-GRP free of crossreactivity to CGs for probing (anti-C-GRP: 0.5 μg/mL). Positions of molecular weight markers are indicated, a control with recombinant C-GRP (12 ng) is included (left), source of extract given in each case (from (62), with permission).

Fig. 6. Immunohistochemical localization of C-GRP and the complete CG network by fluorescence microscopy in sections of bursae of Fabricius from 4-week-old chickens. The central scheme shows a section through a bursal follicle surrounded by its associated connective tissue and surface epithelium. Interfollicular connective tissue of the lamina propria (yellow, Lp) containing capillaries separates different follicles. The follicles consist of a cortex (purple, cor) or a pars lymphoreticularis, and a medulla (pink, med) or a pars lymphoepithelialis. They contain B cells (magenta, Bc) and are covered by interfollicular surface epithelium (light green, IFE) or, when in direct contact with the epithelium, by follicular-associated epithelium (cyan, FAE). The cortico-medullary border is formed by numerous capillaries (orange, cap) and a cortico-medullary epithelium (dark green, cme). Reticular epithelial cells are distributed within the medulla (grey, re). Microphotographs surrounding the central scheme show distinct staining profiles after incubation with solutions containing one IgG antibody from the set of seven non-cross-reactive antibody fractions and then the Alexa-Fluor®-555-labeled second-step antibody (red) as well as after nuclear staining with DAPI (blue). Microphotographs of the IFE/FAE are shown in the top part and of the follicle directly underneath. Schematic illustrations of the experimentally obtained staining profiles in the different regions are given below (C-GRP, CG-1A, -1B)/above (CG-2, -3, -8) the respective microphotographs. Staining intensity is introduced into the schemes at each site by using color grading. C-GRP is present in the FAE, strong reactivity was observed supranuclearly (asterisks), whereas basal cells (b) were stained only weakly. In the follicle, C-GRP-specific signals were seen in cortico-medullary epithelial cells (arrowheads), in B cells (at different stages of their lineage, dot-like staining pattern in the Golgi apparatus) located both in medulla and cortex. Strong staining intensity is observed in the endothelium of blood vessels (arrows) of the capillary layer at the cortico-medullary junction and in connective tissue. CG-1A was not present in the FAE/IFE. Intense reactivity for the CG-1A-specific IgG in the basal lamina and in the endothelium of capillaries (arrows) was seen at the cortico-medullary border and between follicles, in the lamina propria (Lp) and in mesenchymal reticular cells of the cortex (arrowheads). CG-1B is present supranuclearly (asterisks) in the IFE (FAE is negative, not shown) and in the lamina propria (Lp). CG-2 presence is confined to endothelial cells in capillaries (arrowheads) at the cortico-medullary border and in blood vessels (arrows) embedded in the lamina propria, whereas cells lining the FAE/IFE were negative. Strong immunopositivity for CG-3 was found in the cells of the FAE/IFE, and CG-3 was also present in cortico-medullary epithelial cells (arrowheads) at the cortico-medullary border and in reticular epithelial cells disseminated throughout the whole medulla (med). CG-8 presence is confined to medullary and cortical B cells, and with weaker intensity to the cytoplasm of basal cells in the FAE/IFE. No signal was observed applying anti-CGRIFIN IgG (inset to CG-8). Concentrations of antibodies used were 1.0 μg/mL for anti-CG-1A IgG, anti-CG-1B IgG as well as for anti-CG-3 IgG, 2.0 μg/mL for anti-C-GRP IgG, anti-C-GRIFIN IgG and anti-CG-2 IgG, and 4.0 μg/mL for anti-CG-8 IgG. Nuclei were counterstained with DAPI.
The scale bars are 20 μm (from (61), modified and extended).
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	Cell type
	C-GRP
	CG-1A
	CG-1B
	CG-2
	CG-3
	CG-8

	Epithelium
	
	
	
	
	
	

	     Interfollicular epithelium (IFE)	
	+/++a
	+c
	++d
	—
	++/+++c
	+/++d

	     Follicle-associated epithelium (FAE)
	+/++a
	+c
	−/+a
	—
	++c
	+/++d

	Basal lamina
	—
	—
	—
	—
	—
	—

	Lamina propria
	
	
	
	
	
	

	     Interfollicular tissue
	−/+
	—
	+
	—
	—
	—

	     Blood vessels
	−/+b
	—
	—
	—
	—
	—

	Cortex
	
	
	
	
	
	

	     B cells
	+
	—
	—
	—
	—
	+

	     Mesenchymal reticular cells
	—
	—
	—
	—
	—
	—

	     Macrophages
	—
	—
	—
	—
	—
	—

	Cortico-medullary border
	
	
	
	
	
	

	     Epithelial cells
	+
	—
	—
	—
	—
	—

	     Capillary vessels
	+b
	—
	—
	—
	—
	—

	Medulla
	
	
	
	
	
	

	     B cells
	+
	—
	—
	—
	—
	+

	     Reticular epithelial cells
	—
	—
	—
	—
	—
	—

	     Dendritic cells
	—
	—
	—
	—
	—
	—

	Isolated B cells
	+/++
	—
	—
	—
	—
	+/++




Table 1. Cyto- and histochemical profiles of binding of fluorescent C-GRP and of the five canonical CGs.


Signal intensity was semiquantitatively grouped into the categories: — negative, + weak but significant, ++ medium, +++ strong; acytoplasmic, bendothelium, csupranuclear, dapical; from (61), with permission.
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