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Abstract. Following the detection of individual mem-
bers of the family of galectins it is an obvious chal-
lenge to define the extent of functional overlap/diver-
gence among these proteins. As a step to address this
issue a comparative profiling has been started in the
mouse as a model organism, combining sequence
analysis, expression patterns and structural features
in the cases of the homodimeric galectins-1, -2 and
-7. Close relationship was apparent at the level of glo-
bal gene organization. Scrutiny of the proximal pro-
moter regions for putative transcription-factor-bind-
ing sites by two search algorithms uncovered quali-
tative and quantitative differences with potential to
influence the combinatorial functionality of regula-
tory sequences. RT-PCR mapping with samples from
an array of 17 organs revealed significant differen-
ces, separating rather ubiquitous gene expression of
galectin-1 from the more restricted individual pat-
terns of galectins-2 and -7. Using specific antisera
obtained by affinity depletion including stringent
controls to ascertain lack of cross-reactivity these re-
sults were corroborated at the level of galectin locali-
zation in fixed tissue sections. Nuclear presence was
seen in the case of galectin-1. In addition to non-
identical expression profiles the mapping of the car-
bohydrate recognition domains of galectins-1 and -7
by homology modelling and docking of naturally oc-
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curring complex tetra- and pentasaccharides dis-
closed a series of sequence deviations which may un-
derlie disparate affinities for cell surface glycans/gly-
comimetic peptides. In view of applicability the pre-
sented data can serve as useful reference to delineate
changes with respect to disease and in genetically en-
gineered models. To enable more general conclusions
on the galectin network it is warranted to further
pursue this combined approach within this lectin
family.

Introduction

Lectins are defined as carbohydrate-binding proteins
without enzymatic activity on the ligand, explicitly ex-
cluding the immunoglobulins. Such proteins from plants
and invertebrates are also called haemagglutinins. They
have attained the status of convenient probes for glyco-
conjugate characterization and of popular cyto- and his-
tochemical tools, which were crucial e.g. for defining
the chemical nature of ABH blood group epitopes (Spicer
and Schulte, 1992; Danguy et al., 1994; Roth, 1996;
Cummings, 1997; Watkins, 1999; Riidiger and Gabius,
2001). Their application as glycan-selective sensor pro-
teins will visualize structural consequences of the fine-
tuned mechanisms of regulation of glycosylation, which
involves orchestrating the activities of diverse glycosyl-
transferases (Brockhausen and Schachter, 1997; Pavelka,
1997). The hereby described aspects of glycomic pro-
files (the complete pattern of carbohydrate epitopes in
cellular glycoconjugates) will depend on the cell type
and also on developmental and disease parameters such
as malignant transformation (Caselitz, 1987; Spicer and
Schulte, 1992; Brinck et al., 1995, 1996, 1998; Reuter
and Gabius, 1999; Holikova et al., 2002). These intrica-
cies of glycan chains, which comprise branch-end/core
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substitutions, degree of branching and variations in ano-
meric and linkage-point positioning, inspired investiga-
tors to envision more than structural roles for the prod-
ucts of glycosylation, and — indeed — when attached to
inert carriers, glycans were capable to track down spe-
cific binding sites in cells and tissues (Gabius et al.,
1993; Danguy et al., 1995; Lee and Lee, 1997; Gabius,
2001). These results are strong evidence for an operative
information transfer via protein-carbohydrate interac-
tion. It involves endogenous lectins and embodies an
important aspect of the concept of the sugar code with
carbohydrates as high-density coding units (Gabius,
2000; Solis et al., 2001; Gabius et al., 2002, 2004). The
endogenous lectins will then serve as versatile effectors
to elicit cellular processes as diverse as adhesion, growth
control, mediator release and cell activation, migration
and routing as well as tissue invasion and to contribute
to maintain immune homeostasis (Gabius, 1987, 1997,
2006; Buzas et al., 2006; Villalobo et al., 2006). Toward
this end, distinct glycan targets that convey the relevant
information are selected by the fitting endogenous
lectins. They will “read” the respective signals, not re-
sponding to the presence of a wide variety of other
epitopes. Glycan diversity, it turns out, is matched by
the emergence of a variety of lectin families, and this
interplay at the level of complementarity between car-
bohydrate determinant and carbohydrate recognition
domain with its functional consequences explains the
interest to study the presence of animal lectins system-
atically.

Among the lectin families a particularly wide spec-
trum of cell functions has so far been uncovered for the
galectins. They home in on B-galactosides present in
glycoconjugates, with branch-end and core substitutions
as well as local glycan density affecting the affinity (An-
dré et al., 1997, 2004a, b, 2006a; Unverzagt et al., 2002;
Wu et al., 2002, 2004, 2006; Siebert et al., 2003). Of
note, cell surface binding can be restricted to only few
glycans. Fibronectin, laminin and carcinoembryonic an-
tigen as well as integrins such as the fibronectin receptor
of carcinoma cells have received attention in this respect
(Ohannesian et al., 1995; André et al., 1999; Fischer et
al., 2005). The inhibition of neuroblastoma cell growth
depends on the pentasaccharide of ganglioside GM, as
key contact point for galectins, and functional diver-
gence among galectins is in this case likely due to differ-
ences in propensity for cross-linking surface ligands
(Kopitz et al., 1998, 2001, 2003; Ahmad et al., 2004;
André et al., 2005a). The dissection of induction of ap-
optosis in activated T-cells by galectins-1, -2 and -7 re-
sulted in the following conclusion: functional diver-
gence is due to differences in glycan selection underly-
ing the characteristic profiles of caspase activation
(Sturm et al., 2004). Beyond such productive protein-
carbohydrate interactions galectins are also engaged in
equally specific recognition of peptide motifs. They

render members of this lectin family capable to exert
intracellular functions, e.g. relevant for growth control
by associating with Bel-2, B-catenin or oncogenic H-ras
(Liu et al., 2002; Rotblat et al., 2004; Shimura et al.,
2005; Smetana et al., 2006; André et al., 2007). As a
consequence of sequence variation among galectins,
distinct properties can well be established due to an im-
pact on these two types of interactions, then setting
members of the family apart in certain aspects of func-
tion. In this case, the homologous proteins will not simp-
ly share redundant functional profiles. However, the as-
pect to define individual features within the galectin
network is not yet well resolved at different levels. Ad-
dressing this issue clearly justifies respective investiga-
tions, especially with focus on this protein family in a
selected organism.

Toward this end, here we start a comparative profil-
ing of the three groups of galectins in the mouse. This
initial part comprises the proto-type homodimeric fam-
ily members galectin-1, -2 and -7. Although the three
corresponding human proteins crystallographically
share the same B-sandwich folding (Lobsanov et al.,
1993; Leonidas et al., 1998; Lopez-Lucendo et al.,
2004), each protein is known to harbour unique features,
as already mentioned above for induction of T-cell ap-
optosis. These inter-galectin differences are further
highlighted by two cases as follows: galectin-2 is in-
volved in lymphotoxin-a secretion with implications for
myocardial infarction and galectin-7 is referred to as
p53-induced gene 1 based on the conspicuous upregula-
tion of gene expression before the onset of apoptosis of
DLD-1 colon carcinoma cells triggered by the tumour
suppressor (Polyak et al., 1997; Ozaki et al., 2004; Oza-
ki and Tanaka, 2005). In our stepwise approach, we first
document the gene structures of galectins-1, -2 and -7
including close scrutiny of the proximal promoter re-
gions by two different search algorithms for putative
transcription-factor-binding sites. We next report the
gene expression profiles by RT-PCR and proceed to
present a map of protein presence by immunohisto-
chemistry. Rigorous controls ensured that the applied
antibodies were free of cross-reactivity. Finally, we
compile the amino acid sequences, generate structural
models of the galectins, as far as was possible, and com-
putationally map key contact sites with low-energy con-
formations of two natural glycans to help spot sequence
deviations potentially relevant to modulate fine-specifi-
city of the carbohydrate recognition domains. The avail-
ability of this detailed information in a common model
organism will establish a reference for several purposes:
a.) to define inter-galectin differences in global expres-
sion and intra-/extracellular presence, in the course of
development and in diseases including malignancy, b.)
to turn attention to distinct organs for study of knock-
out models, c¢.) to provide a guideline for selection of
negative/positive controls, d.) to help relate the presence
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of distinct sequence motifs in the proximal promoter re-
gions uncovered by in silico monitoring to gene activity
patterns, and e.) to track down functionally relevant se-
quence deviations. In addition to its use as reference a
comparative data collection revealing non-uniform
properties gives further research on dissecting the galec-
tin network a clear direction.

Material and Methods

Sequence analysis

Information about the nucleic acid sequences of the
three galectin genes, the putative transcription start sites
and the genomic sequences up- and downstream of these
sites were downloaded from the respective GenBank
entries available at the database of the National Center
for Biotechnology Information (NCBI, Bethesda, MD;
http://www.ncbi.nlm.nih.gov/Genbank/index.html). The
amino acid sequences of murine galectins-1 (P16045),
-2 (Q9CQWS) and -7 (054974) were obtained from the
Swiss-Prot protein sequence database (http://www.ex-
pasy.ch/sprot/). DNA and amino acid sequences were
edited using the EditSeq sequence analysis software
version 4.0 (DNAstar Inc., Madison, WI) as well as the
Reformat and Map algorithms included in the GCG
(Genetics Computer Group Inc. Sequence Analysis
Software Package) programs available from the HUSAR
biocomputing service of the German Cancer Research
Center (Heidelberg, Germany; http://genius.embnet.
dkfz-heidelberg.de/). Amino acid alignments were per-
formed using the program Multalin version 5.4.1 (Cor-
pet, 1988) (http://bioinfo.genopole-toulouse.prd.fr/mul-
talin/multalin.html). Homology scores were calculated
via the program EMBOSS (with the “needle” algorithm
for global pairwise alignments), available on the
homepage of the European Bioinformatics Institute
(Wellcome Trust Genome Campus, Cambridge, UK;
http://www.ebi.ac.uk/emboss/align/). To predict puta-
tive transcription-factor-binding sites in the proximal
promoter regions, the online versions of the two pro-
grams Match™ (Kel et al., 2003) and P-Match™ (Chek-
menev et al., 2005) were used, both available on the
website of the BIOBASE Biologische Datenbanken
GmbH (Wolfenbiittel, Germany; http://www.gene-regu-
lation.com/pub/programs.html). In contrast to other
web-based resources, these two programs process data
input of the latest update of the TRANSFAC® transcrip-
tion factor database (accessible on the same site) as a
source for weight matrices and consensus sequences.
On this basis the employed algorithms calculate the
probability with which each transcription factor listed in
the database will bind a distinct part of a given DNA
sequence (on any of the two strands) and present the
results as so-called “scores”. The binding motifs are fur-
ther classified into entire matrix and core sequences,
both of which receive scores. Presettings were chosen to

include “low-quality” matrices (matrices that yield a
higher than average number of false-positive hits, if ap-
plied to intron 3 sequences) in order to detect sites for
transcription factors such as Spl for which only “low-
quality” weight matrices exist in the database. To coun-
terbalance this selection of a parameter with low level of
stringency the option to customize the “cut-off”, i.e. the
minimal value a score must reach to be considered as a
significant hit, was used, and the cut-off was set to the
most restricted value in order to minimize the number of
false-positive hits.

RT-PCR analysis of murine galectins-1, -2 and -7

Total RNA was isolated from organs of the mice
strains NMRI (outbred strain) and C57BL/6 (inbred
strain) using RNAeasy mini columns (Qiagen, Hilden,
Germany) as described previously (Saal et al., 2005).
Briefly, the frozen organ samples were weighed, placed
in sample tubes, 600 pl RLT lysis buffer (containing
guanidine isothiocyanate) were added per 30 mg tissue,
and the tissue specimens were immediately homoge-
nized for 10-20 s with the Ultra-Turrax® system TP18/10
(IKA-Werke, Staufen, Germany). Subsequently, the de-
tailed instructions of the manufacturer’s protocol were
followed. Ethanol was added to the lysate, creating con-
ditions that promote selective binding of RNA to the
silica-based membrane of the mini-spin column. The
sample was then applied to the spin column and total
RNA bound to the membrane, whereas contaminants
were effectively washed away. Total RNA was subse-
quently eluted in a small volume of RNase-free water.
The level of integrity of the purified RNA was control-
led in agarose gel electrophoresis. Prior to cDNA pro-
duction total RNA preparations were incubated for 30
min at 37°C with RNase-free DNase I (Roche Diagnos-
tics, Mannheim, Germany) to digest any contaminating
genomic DNA. The reaction was stopped by incubation
for 10 min at 75°C. As a template for first-strand synthe-
sis of cDNA 2.5 ng of total RNA were used. Reverse
transcription was performed for 50 min at 42°C in a re-
action volume of 20 ul containing first-strand synthesis
buffer (50 mM Tris-HCI, pH 8.3, 75 mM KCl and 15
mM MgCl,; provided by the supplier), dNTPs (1 mM
each), oligo(dT),, . primer (0.5 ng), 200 units Su-
perscript™ II RNase H- Reverse Transcriptase (Invitro-
gen, Karlsruhe, Germany) and diethylpyrocarbonate-
treated water. The reaction was stopped by raising the
incubation temperature to 70°C for 15 min, and an aliquot
of 2 pl of each reaction mixture was used in the fol-
lowing PCR amplification protocol, already applied for
mapping expression of human galectin genes in tumour
cell lines (Lahm et al., 2001). To produce specific frag-
ments of defined size from the galectin cDNAs, suitable
oligonucleotide primers were designed using gene se-
quences in GenBank accessible under Nos. X15896,
AKO007364 and AF038652. PCR amplification of mouse
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galectin-1 cDNA was directed by the sense primer 5'-
ATCATGGCCTGTGGTCTGGTC-3" and the anti-
sense primer 5-TTCACTCAAAGGCCACGCACT-3",
of mouse galectin-2 by the sense primer 5'-GTCACCAT
GTCGGAGAAATTTG-3" and the antisense primer
5'-CTAAGGTCTTCTGAGGTGCCG-3" and of mouse
galectin-7 by the sense primer 5-GCCCG-CCAT-
GTCTGCTACCCA-3" and the antisense primer
5"-CTTGGGTCCTTTGCTTAGAAG-3". The expected
fragment lengths were 410 base pairs (bp) for mouse
galectin-1, 420 bp for mouse galectin-2 and 432 bp for
mouse galectin-7. Quality of cDNA preparations was
confirmed by PCR amplification with the B-actin-specif-
ic primers 5'-GGCATCGTGATGGACTCCG-3" (B-ac-
tin sense) and 5'-GTCGGAAGGTGGACAGCGA-3’
(B-actin antisense) as controls. The reaction mix for the
PCR reaction was prepared as recommended by the dis-
tributor of the 7ag DNA polymerase (Qiagen). In gen-
eral, the analyses were carried out in a volume of 20 ul
containing 2 pl cDNA, 0.5 U 7ag polymerase, 50 pM
dNTPs, 1 x PCR-buffer (commercial mixture of Tris-
HCI, KCI, (NH,),SO,, 1.5 mM MgCl,, pH 8.7 at 20°C),
1 x Q-Solution and 0.1 pM of sense and antisense prim-
ers. Amplification of the galectin-specific cDNAs was
started with an initial denaturation step at 94°C for 4
min, then 35 consecutive cycles of the following series
of steps were performed: denaturation at 94°C for 45 s,
annealing at 60°C for 45 s and extension at 72°C for
1 min. The final extension step was carried out at 72°C
for 10 min. PCR products and reagents were separated
in 2% agarose gel electrophoresis at 80 V for 40 min.

Preparation of galectins and their polyclonal
antibodies including quality controls

Recombinant production of human galectins and their
purification by affinity chromatography on lactosylated
Sepharose 4B, obtained by divinyl sulphone activation,
as a crucial step resulted in material suited for immuni-
zation, the purity carefully ascertained by one- and two-
dimensional gel electrophoresis, gel filtration and nano-
electrospray ionization mass spectrometry and the activ-
ity determined by haemagglutination as well as solid-
phase and cell-binding assays (Gabius, 1990; André et
al., 1999, 2005b, 2006b; Kopitz et al., 2003; Purkrabko-
va et al., 2003; Chovanec et al., 2004). Polyclonal anti-
bodies were raised in rabbits using repeated booster in-
jections under the control of ELISA assays to monitor
the course of the titre, and the immunoglobulin G (IgG)
fractions were purified from serum by affinity chroma-
tography on protein-A Sepharose 4B resin (Amersham
Biotech, Freiburg i. Br., Germany) (Kaltner et al., 1997,
2002). These preparations were routinely subjected to
specificity controls by ELISA and Western blots using
these three galectins and members of the chimera- and
tandem-repeat-type groups to reduce risk of cross-reac-
tivity and ensure specific interspecies reactivity. In cases

of positivity, e.g. anti-galectin-2 binding to galectins-1
and -3, chromatographic affinity depletion was per-
formed using bead-immobilized galectins, prepared by
divinyl sulphone activation to yield protein density of
5-7 mg/ml, as ligand for cross-reactive antibodies (Gabius
et al., 1991; Saal et al., 2005; Lensch et al., 2006). Qual-
ity controls by ELISA and Western blots reported on suc-
cessful removal of cross-reactive material.

Western blot analysis of tissue extracts

Tissue samples from murine lung, stomach and uri-
nary bladder were routinely homogenized in extraction
buffer (20 mM phosphate-buffered saline (PBS), pH
7.2, containing 1% Triton X-100, 0.1% sodium deoxy-
cholate, 0.05 M lactose, 2 mM dithiothreitol, 2 mM eth-
ylene diamine tetraacetic acid, and the protease inhibi-
tors pefabloc® at 1 mM (aprotinin at 2 pg/ml and leu-
peptin at 5 pg/ml). Protein content was routinely quanti-
tated using the Bradford assay with bovine serum albu-
min (BSA) as a standard (Bio-Rad, Miinchen, Germany).
Western blotting followed an optimized procedure
(Gabius et al., 1986; Kaltner et al., 2002), first separat-
ing a total of 50 ug extracted protein on a discontinuous
SDS polyacrylamide gel (4% stacking gel and 14.5%
running gel), followed by electrophoretic transfer of
proteins to a nitrocellulose membrane. Residual binding
sites on the membrane were then blocked (5% dry milk
and 0.5% Tween 20 in Tris-buffered saline, pH 7.5), and
membranes were routinely incubated overnight at 4 °C
with an IgG-containing solution at a concentration of 1
pg/ml, the antibody always freshly added to the block-
ing solution. In the next step, free IgG was completely
removed by three washing steps with Tris-buffered sal-
ine, pH 7.5, containing 0.05% Tween 20, the membranes
were then placed in a solution containing the indicator
conjugate, i.e. horseradish-peroxidase-labelled goat
anti-rabbit 1gG (0.5pg/ml; Sigma-Aldrich, Miinchen,
Germany) for 1 h at room temperature. Finally, mem-
branes were placed in a darkroom in a mixture of 2 ml
0.1 M Tris-HCI, pH 8.6, and 1.25 mM luminol sodium
salt, 0.2 ml of a solution of 6.7 mM p-coumaric acid in
dimethyl sulphoxide and 0.6 ul H,O, (30% v/v) for
2 min at room temperature. Exposition periods with
CL-X Posure™ X-ray film (Pierce, Bonn, Germany) for
signal visualization and subsequent film development
were set to yield optimal signal intensity and minimal
background.

Immunohistochemical processing

Organs were immediately fixed by immersion in ei-
ther methanol with 30% acetic acid, buffered paraform-
aldehyde (4% w/v, pH 7.2) or Bouin’s solution for 24 h
at 4°C. Tissue specimens were then dehydrated using
an ascending series of ethanol (70%, 80%, 96% and
100%), embedded in paraffin wax at 61°C, cut into se-
rial sections of 3.5 um in thickness, and these sections
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were mounted on Superfrost slides (Menzel, Braunsch-
weig, Germany). A selection was processed immunohis-
tochemically to determine optimal conditions. Routine
processing was performed with sections from specimen
of fixation with Bouin’s solution, as described (Kaltner
et al., 2002; Manning et al., 2004; Siebert et al., 2006).
In brief, the sections were routinely deparaffinized, hy-
drated, incubated with 1% H,O, in distilled water to
quench endogenous peroxidase activity, washed with 10
mM PBS (pH 7.2-7.4) and treated with 1% (w/v) solu-
tion of BSA (Sigma-Aldrich) in PBS with 5% (v/v) nor-
mal swine serum (DakoCytomation GmbH, Hamburg,
Germany) to saturate non-specific protein-binding sites,
hereby contributing to exclusion of antigen-independent
staining. Sections were then incubated in a humid cham-
ber overnight at 4°C with a solution containing one of
the IgG fractions raised against galectin-1 (2 pg/ml), ga-
lectin-2 (5 pg/ml) or galectin-7 (1 pg/ml), respectively,
dissolved in PBS with 1% BSA. Following an incuba-
tion period of 16 h the sections were carefully rinsed in
PBS and then incubated at room temperature with a so-
lution of biotinylated secondary antibody (swine anti-
rabbit Ig, 1.25 pg/ml; DakoCytomation GmbH). After 1
h the sections were thoroughly rinsed again in PBS to
remove unbound protein and then incubated at room
temperature with Vectastain® Elite ABC Kit PK-6100
reagent for peroxidase or with Vectastain® ABC Kit AK-
5000 for alkaline phosphatase (Axxora, Griinberg, Ger-
many). Localization profiles of the three galectins via
the marker conjugate were visualized using the Vector®
DAB Substrate Kit SK-4100 for peroxidase (Axxora),
applied to the sections under visual control with a maxi-
mum period of time of 10 min, or the Vector® Red alka-
line phosphatase Substrate Kit SK-5100 for 20-30 min
in the dark. Later on, some sections were counterstained
with Mayer’s haemalaun. Following dehydration sec-
tions were finally mounted in Eukitt® (Kindler, Freiburg,
Germany). Negative controls included the use of pre-
immune rabbit serum which replaced the galectin-spe-
cific IgG fraction to exclude staining by antigen-inde-
pendent protein-protein interactions such as Fc-depend-
ent binding of any antibody and the omission of the
primary antibody in the first incubation step of routine
processing to ascertain antigen-dependent staining,
hereby excluding e.g. carbohydrate-mediated binding of
the glycoprotein horseradish peroxidase to mannose-
specific receptors in tissues (Kuchler et al., 1990). Pho-
tographs were taken with a Leica Microscope (type
020-525.719) equipped with a digital camera (Leica
DFC 320; Leica Camera, Solms, Germany).

Molecular modelling of galectin-ligand
complexes
Based on crystallographic information for the corre-

sponding human galectins (PDB codes 1GZW, 1HLC
and 1BKZ) homology modelling was performed using

previously described and internally validated tools and
settings (André et al., 2005a). Ligands were docked into
the contact sites using either the topology of the bound-
state conformation of the pentasaccharide of ganglioside
GM, to human galectin-1 in solution (Siebert et al.,
2003) or the low-energy conformation of the histo-blood
group A-tetrasaccharide (Wu et al., 2007), the strictly
conserved tryptophan residue, which is indispensable
for association to the galactose residue, serving as inter-
nal reference (Siebert et al., 1997).

Results

Gene organization and promoter sequences

This stepwise analysis leads from comparing gene
structures including putative regulatory elements to ex-
pression profiles determined by RT-PCR/immunohisto-
chemistry, finally mapping the amino acid substitutions
in the vicinity of the crucial contact points to carbohy-
drate ligands in silico. With the full genome information
at hand, the occurrence of single genes was detected for
each galectin. The genes for galectins-1 and -2 are both
located on chromosome 15, close to each other (approx-
imately 50 kbp apart) but on opposite strands. In con-
trast, the galectin-7 gene is found on chromosome 7. In
the first step of the comparative program the distribution
of introns in the genes for the three homodimeric murine
galectins was evaluated drawing on publicly accessible
sequence information. Whereas the number of introns
was identical and their positioning equivalent, the
lengths of the intron sequences and 5°/3 -untranslated
regions varied, up to 9-fold in the case of the first intron
(Fig. 1). The distribution of coding regions in exons 3
and 4 showed a dissimilarity between galectins-1/-2 and
galectin-7 which in effect was compensatory (Fig. 1).
By aligning the coding sequences of 408 nucleotides
(galectin-1), 393 nucleotides (galectin-2) and 411 nucle-
otides (galectin-7) an identity score of 51.8% was calcu-
lated in the galectin-1/-2 comparison. The scores in the
galectin-1/-7 and the galectin-2/-7 comparison were
49.3% and 49.9%, respectively. Using triplet-to-triplet
matching, the following percentages of deviations be-
tween the three sequences were calculated: 74.5% of the
coding triplets differ between galectins-1 and -2 (in at
least one position), but 26.7% of these alterations are
“silent” (cause no change in the amino acid sequence).
The respective numbers for the other two comparisons
are 87.9% differences, 17.7% of them being “silent” for
galectin-1 vs -7 and 80.1 % differences/15% being “si-
lent” for galectin-2 vs -7.

The availability of full genomic sequences next ena-
bled us to systematically sift through the proximal pro-
moter regions (-1000 bp to +100 bp relative to the initia-
tion of transcription). We deliberately applied two inde-
pendent search algorithms and selected settings to in-
clude putative target sequences for common factors,
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Fig. 1. Organization of the primary transcripts of the genes
for murine galectins-1 (A), -2 (B) and -7 (C). In each case,
the four exons are given as open boxes connected by lines
representing 5°/3’- untranslated sequence stretches and in-
trons, respectively. Box sizes are correlated to exon length
(given in numbers of base pairs (bp)), while the lines are
not drawn to scale, numbering for each line providing the
information on the precise length in bp.

while maintaining stringent selectivity by a restrictive
cut-off value. As summarized in Table 1, a series of sites
for putative interaction with transcription factors was
found. In addition to this overview we epitomize the de-
tected qualitative differences, i.e. presence/absence of a
distinct sequence for a putative contact, in Table 2. Be-
sides these qualitative differences, the occurrence of se-
quence hits also shows quantitative alterations that can
be relevant for the combinatorial functionality of regula-
tory units (Table 1). The developmental regulator En-1,
for example, showed up in the sequence list only once
for galectin-1 compared to five and three hits for ga-
lectins-2 and -7, respectively. A similar variability was
found for the frequency of presence of sites that at least
one search algorithm assigned to the transcription factor
AML-1a (Runx) or the developmental activator HOX
A3 (Table 1). On average, this region of the galectin-2
gene is fairly dense in putative sites for the negative
regulator in brain and heart AML-1a. The case of galec-
tin-7 presents with the largest number of unique sites for

regulation. Evidently, a series of inter-galectin changes
satisfying the criteria of the search algorithms were thus
detectable in the proximal promoter regions. These re-
sults prompted us to proceed to mapping actual gene
expression profiles, first at the highest level of sensitiv-
ity to avoid false-negative results, i.e. RT-PCR profil-
ing.

Expression profiling by RT-PCR

The sufficiently low degree of homology of these ga-
lectin genes noted above enabled us to design fully dis-
criminatory primer sets. Initial validation of technical
aspects was carried out with organ samples that were
known to produce galectin-1 in several mammals, i.e.
lung and heart. Having successfully run the controls,
c¢DNA specimens were prepared with aliquots of the
same set of reagents from various organs. Two panels
originating from different strains to answer the addition-
al question on inter-strain variability were processed in
parallel. After compiling the results of the analysis, rou-
tinely obtaining amplification products of the expected
length, an abundant presence of the galectin-1 signal
was seen (Fig. 2). In comparison, gene transcription for
galectins-2 and -7, determined at this level of sensitivity,
was less frequent, and the inter-strain comparison yield-
ed rather similar patterns (Fig. 2). Due to this absence of
conspicuous differences, further work could thus be fo-
cussed on the C57BL/6 strain, and these data are pre-
sented in Table 3 along with the data of immunohisto-
chemistry. Because the parameters of amplification were
chosen to exclude false-negative results, even spurious
presence of mRNA can lead to a positive signal. To as-
sess the level of protein presence and its distribution in
an organ, immunohistochemical monitoring is required.
Toward this end antibodies against the three lectins were
raised, which had to pass stringent quality controls to
avoid cross-reactivity among the three proteins and also
with other members of the galectin family.

Expression profiling by immunohistochemistry

The three different antibody preparations were rou-
tinely tested by ELISA and Western blotting for any
cross-reactivity, followed by chromatographic process-
ing to completely remove such contaminating activity in
the case of positivity. Besides the panel of the tested ga-
lectins we included members of the other two groups of
the galectin family to avoid ambiguities in interpretation
of staining. A weak reactivity of the IgG fraction against
galectin-2 was measured with galectins-1 and -3, as
were low-intensity signals obtained with the anti-galec-
tin-7 preparation with galectins-1 and -4. Using the
mentioned galectins as ligands in affinity chromatogra-
phy the IgG preparations were fractionated and carefully
retested. The lack of cross-reactivity of these refined
preparations when testing the same amounts of the three
galectins is illustrated in Fig. 3A, the positive control
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Table 2. Unique features of proximal promoter regions in
galectin genes defined by the transcription factor for the
target sequence*

presence of target absence of target
sequence sequence
mGal-1 | Pax-6 COMP-1, Evi-1,
HNF-4a, Msx-1,
ZEB (AREB6)
mGal-2 | CUTL-1 GATA-3
mGal-7 | AP-1, Lmo2- -
complex, Sox-5,
STAT1, v-Myb

athe cases with restriction of the absence/presence of a putative
target site for the given transcription factor to the proximal
promoter region of only one gene are singled out from the listing
in Table 1.

deliberately generating a very strong signal to pick up
low-level contaminations. That the antiserum fractions
without exception did not bind to other components in
the extracts is shown in Fig. 3B by Western blot data
using different organ specimens. When probing extracts
of heart, lung, stomach, jejunum, colon and urinary
bladder, the galectin-1 presence was invariably ob-
served, whereas the signals for galectins-2 and -7
showed a relatively restricted occurrence, the positive
cases given in Fig. 3B. In addition to running these bio-
chemical controls, the antigen-dependent staining was
ascertained by immunohistochemical controls, as illus-
trated exemplarily in Fig. 4A, B. Also, the optimal con-
ditions for fixation in terms of degree of preservation of
tissue integrity and of signal intensity had been defined
in preliminary testing.

Having verified the quality of the reagents and the
protocol, the patterns of galectin presence and localiza-

galectin-1
C57BL/6

— . G G —— — — —— — G S— — — —

galectin-2

C57BL/6

galectin-7

Fig. 2. Profiling of gene transcription for murine galectins -1, -2 and -7 in various tissue types of two mouse strains. The
presence of galectin-gene-specific transcripts was determined performing RT-PCR with discriminatory primer sets in
cDNA preparations of organ samples, yielding fragment lengths of 410 bp for galectin-1, 420 bp for galectin-2 and 432 bp
for galectin-7. Amplification of f-actin cDNA with a B-actin-specific primer set (predicted product size: 622 bp) served as

loading and quality control.
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Table 3. Summary of semi-quantitative detection of galectins (gene expression/protein presence) by RT-PCR/immunohis-

tochemistry (IHC)*

galectin-2 galectin-7
RT-PCR IHC | RT-PCR IHC | RT-PCR IHC

nervous system

cerebrum ++ +) |+ — |+ -

cerebellum ++ - |- - | +- -
digestive tract

stomach/oesophagus ++ H/(H) |+ +H— | ++ —/++

duodenum ++ +) |+~ ) |- -

jejunum ++ @ [+ ) [+~ -

colon ++ +) |+~ (+) |+~ ++4

caecum ++ ) |+~ +) |+~ -
respiratory and circulatory tract

lung ++ ) |- - |- -

heart ++ ) |- — |+ -
urogenital tract

kidney ++ (H)/A+> |+~ - |- -

urinary bladder ++ ) |- — |+ ++e

ovary ++ ) |- — | ++ ++f

testis ++ () | - - |++ -

epididymidis ++ ) |- - |+~ -

uterus ++ +) |- — | ++ —
miscellaneous

liver ++ ) |- - |- -

spleen ++ - |- - |+ -

skin n. t.8 (+) |[n.te - |n.te ++

3signal intensity was semi-quantitatively grouped into the categories: “++” (strong), “+” (medium), “(+)” (weak but significant),
“(+/-)” (very weak); the cases b-f define staining intensity of distinct cell types: “transitional epithelium of the renal pelvis; tubuli
seminiferi contorti; depithelial lining of villi/crypts; “transitional epithelium of the urinary bladder; ‘ovarian surface epithelium; £not

tested

tion were systematically determined immunohistochem-
ically. The results are summarized in Table 3. In princi-
ple, there is a close correlation between the two data
sets, when considering the high level of sensitivity of
the RT-PCR approach. Strictly speaking, a spurious
presence of transcripts might not translate into suffi-
ciently high protein production for immunohistochem-
ical detection. In equal accord with the blot analyses,
the galectin-1 presence was seen ubiquitously, exam-
ples documenting the staining profile of fixed sections
in urinary bladder (vessels, Fig. 4C) and testicular tis-
sue (Fig. 4D). In the latter case, the terminal plugs of
the tubuli seminiferi contorti were strongly positive as
was the transitional epithelium of the renal pelvis. Nu-
clear reactivity appeared in a substantial percentage of
cells. On the face of it, the range of organ positivity
was considerably restricted for galectins-2 and -7, as
was the cellular staining to cytoplasmic positivity. The

digestive tract, especially the apical glands of the stom-
ach and the apical/luminal parts of the jejunum and the
colon, was the site with galectin-2 presence (Table 3;
Fig. 4E, F), epithelium in different organs, conspi-
cuously seen e.g. in oesophagus, colon, ovary, skin and
urinary bladder, the site with galectin-7 presence (Ta-
ble 3; Fig. SA-E). A comparison of urinary bladder
positivity between galectins-1 and -7 is given in Fig.
SE, F to illustrate the differences in the cell-type posi-
tivity in an organ. Evidently, the immunohistochemical
profiling revealed characteristic expression patterns
that intimate non-redundant characteristics. Further
evidence for non-redundant properties can be provided
by examining the proteins’ sequences. Deviations in
the coding regions mentioned in the first paragraph let
differences in the amino acid sequences become ex-
pectable, and the knowledge on position of contact
sites for carbohydrate ligands renders in silico work
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Fig. 3. Western blot analyses for excluding any cross-reac-
tivity (A) or antigen-independent reactivity (B) in tissue
extracts for the three immunoglobulin G fractions against
galectins -1, -2 and -7, respectively. The galectins were
tested at 100 ng, samples from organ extracts at 50 ug pro-
tein for heart, colon and urinary bladder or 100 pg for
stomach. Samples were subjected to SDS-PAGE gel elec-
trophoresis, and the proteins were transferred thereafter to
the nitrocellulose membrane in a tank blotting procedure.
The period of film exposure after immunostaining was 20 s
for detection of cross-reactivity and 1-2 (stomach) min for
extract processing.

feasible to relate sequence alterations to the carbohy-
drate recognition domain.

Structural profiling by computational chemistry

Multiple alignment revealed a sequence identity of
41.7% (57.6% similarity) between galectins-1 and -2,
27.9% (45% similarity) between galectins-1 and -7, and
30.1% (51.5% similarity) between galectins-2 and -7.
The detailed illustration of the positioning of identities
marks especially amino acids crucial for direct contact

to carbohydrate ligands centred around the sole tryp-
tophan residue, i.e. the equivalents of His44, Asn46,
Arg48, Lys63, Asn61, Trp68, Glu71 and Arg73 in hu-
man galectin-1 (Fig. 6A). The way these residues can be
involved in ligand binding was visualized by a docking
analysis, selecting naturally occurring oligosaccharides
as binding partners to facilitate a view on the extended
binding domain. The low-energy conformations of the
tetra- and pentasaccharides are given in Fig. 6B. Of
note, computational model building for structures of ho-
modimeric murine galectins was reliably feasible for
galectins-1 and -7 but not for galectin-2. Considering
the sequences and the architecture of the carbohydrate
recognition domains, two types of disparities with po-
tential impact on ligand binding were discerned: the oc-
currence of sequence gaps (e.g. absence of the equiva-
lent of His53 in galectin-7; see Figs. 6C, D) and of sub-
stitutions (e.g. Asp124/Gly125 in Fig. 6C, D and in the
immediate vicinity of key moieties such as Thr71/Arg72
or His73/Glu74).

Discussion

This study deals with the intra-family diversity of ga-
lectins, potent extra- and intracellular regulators of di-
verse cellular activities. It addresses the fundamental
question on the extent of divergence at different levels,
reporting on gene/promoter sequences, expression pro-
files and structural features of carbohydrate recognition
domains. As a step toward a comprehensive analysis of
the proteins in the galectin network we herein compara-
tively mapped the respective characteristics of three ho-
modimeric proteins, i.e. murine galectins-1, -2 and -7.
In order to obtain valid conclusions it was imperative to
keep experimental/computational parameters identical
in all the study parts, e.g. search algorithms or tissue
fixation.

The gene organization obviously reflected common
ancestry. Despite the maintained exon/intron organiza-
tion the relation between exon length and placement of
sequence stretches in the -strands of the two antiparal-
lel B-sheets had been interpreted to suggest a separation
of galectin-7 from the branch with galectins-1 and -2 in
phylogenesis (Houzelstein et al., 2004). Changes in the
length of the exon encoding the central tryptophan resi-
due (see Fig. 1 for details and Fig. 6 for its involvement
in contact to carbohydrate ligands) underlie the variable
contribution of this exon to the F4 B-strand, this shift
implying a certain evolutionary distance. At the level of
putative sites for interaction with transcription factors in
the proximal promoter regions, a series of sequence hits
was found in each case. In general, the quantitative and
qualitative differences that we extracted from extensive
database mining are indicative of the potential for non-
uniform regulation of gene activities. Of note, the over-
all transcriptional rate will likely be the sum of combi-
natorial events and not yet readily predictable. As it
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LR e { T B
Fig. 4. lllustration of galectin localization with anti-galectin-1 and anti-galectin-2 in fixed tissue sections of different
murine organs. Controls by omission of the primary antibody from the staining protocol (section of skin; A) and by
processing pre-immune rabbit serum (section of stomach; B) showed no positive reaction of the tissue. Dark granules in
panel A are composed of melanin. Processing with anti-galectin-1 resulted in positivity of vessels (C; arrowheads) and
smooth muscle cells, as demonstrated in a section of urinary bladder (C). In testis, a strong signal was detected in the
terminal plugs of the tubuli seminiferi contorti (D; arrowheads). Regarding anti-galectin-2 the luminal parts of the glands
of stomach presented a positive reaction (E), for comparison to the control using pre-immune rabbit serum see panel B.
Positivity in jejunum and colon was found in the epithelium of villi (F; arrowheads) but not in the epithelium of crypts.
Bar: 100 um (A, B, D-F), bar: 50 um (C).

&
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Fig. 5. lllustration of galectin localization with anti-galectin-7 (A-E) and anti-galectin-1 (F) in fixed tissue sections of
different murine organs. Galectin-7 was localized in stratified epithelia of, e.g., oesophagus (A) and skin (B), for com-
parison to processing without the primary antibody see panel A of Fig. 4. Positivity in skin also included the outer root
sheath (B; arrowheads). Epithelial lining of the apical parts of the crypts in colon was strongly positive (C, arrowheads).
In ovary, the surface epithelium (D, arrowheads) was strongly reactive with the galectin-7-specific IgG preparation. Cell-
type selectivity of the galectin presence was documented in the case of urinary bladder for galectin-7, exclusively present
in the transitional epithelium (E, arrowheads), and for galectin-1, weakly present in smooth muscle cells and connective
tissue (F). No counterstaining was performed in this case. Bar: 100 um (A-F).
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mGal-1 1 RACGLVASN#--NLEPEECLEVREEVASDAKSHVLI KDSN-—-~-NLCIB:
mGal-2 1 BSEKFEVKD|R--N MSLEIKEKIHNDVD INAGOGKE——~ I

mGal-7 1 RSATHHETSEPOGVEVETVHMRIRELVPDOAG

mGal-1 76 PAF ITEVCITFDQA DLTIKL HEF MEAINYMAADEDFKIKCVAFE 135
mGal-2 72 NHHC@S EVKITITFQDK DFEVTL HOL GHNQLHYLSMGE-LQISSFKLE 130
mGal-7 77 TGI QPFEVLLIATEE GFEAVVGEDEYLHgH PP ARVRLVEV VOQLHSLNIF 136

Lys65

Lys65

Fig. 6. Graphical illustration of sequence comparison by multiple alignment in the cases of murine galectins-1, -2 and -7
and of architecture of carbohydrate recognition domains when accommodating natural glycans. Identical residues be-
tween all three protein sequences are shown as white letters on black background, while those moieties identical between
two of the sequences are highlighted by grey background (A). The low-energy conformations of the two carbohydrate
ligands used in docking, i.e. the pentasaccharide of ganglioside GM, (left) and the histo-blood group A tetrasaccharide
(right), are shown in panel B. The relative positions of the two glycans and key sites of two galectin structures derived
from homology modelling (galectin-1: C; galectin-7: D) are given.
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stands, our analysis markedly extends previous moni-
toring of promoter regions of galectins-1 and -2 in the
case of the human genes, in which the main attention
was directed to Sp1/Apl sites (Gitt et al., 1992).

Regarding the technical side of this approach it should
be mentioned that applying the two search algorithms
independently did not lead to identical profiles of target
sequences that meet the particular criteria. Although it
would thus be premature to draw definitive conclusions
on contextual functionality of each sequence in vivo, it
could, though, be assumed that non-identical expression
patterns will emerge. Determination of haemagglutinat-
ing activity, as performed for extracts of mouse organs
(Levi and Teichberg, 1984), and of cell reactivity to neo-
glycoconjugates with non-discriminatory ligands, as
performed with cells and tissue sections (Gabius and
Bardosi, 1991; Gabius and Gabius, 1992), may thus not
simply indicate presence of a single lectin but additive
contributions of several proteins. Our results on three
proteins under identical conditions identify such cases
of overlap. They would remain undetected when exclu-
sively studying an individual protein, as e.g. in the stud-
ies with panels of human, rat or rabbit organs and galec-
tin-1 (Harrison et al., 1984; Wasano et al., 1990; Allen et
al., 1991). The rather ubiquitous presence of galectin-1
in murine tissue matches previous experience by in situ
hybridization or immunohistochemistry on the lectin
presence in midgestation embryo and adult muscle
(Poirier et al., 1992; Poirier and Robertson, 1993), uter-
us except luminal and glandular epithelium (Phillips et
al., 1996), ovarian stroma and corpus luteum (Choe et
al., 1997; Nio and Iwanaga, 2007), hair follicles (Wolli-
na et al., 2000), interstitium and seminiferous epithelium
of testis (Timmons et al., 2002) as well as lamina pro-
pria mucosae and the muscle layer of the digestive tract
(Nio et al., 2005).

At the same time, we performed the corresponding
analysis with galectins-2 and -7, using antisera in im-
munohistochemistry that we rigorously controlled for
specificity (Holmseth et al., 2006) and subjected to
chromatographic affinity depletion to eliminate cross-
reactivity among the galectin family. Compared to the
galectin-1 features the detection of galectins-2 and -7
revealed a more restricted range of organ positivity
with galectin-type-dependent differences. The low de-
gree of overlap constituted an inherent quality control,
as did presentation of nuclear staining only for galectin-1.
Fittingly, this lectin is a component of spliceosomal
complexes (Smetana et al., 2006; Wang et al., 20006).
Staining (in the case of galectin-2) confined to the di-
gestive tract is evocative of the situation in rat and in
line with results on mouse tissues by in situ hybridiza-
tion, hereby rendering a major impact of negative trans-
lational control or substantial transport from the site of
production to the site of final residence unlikely (Oka et
al., 1999; Nio et al., 2005). Galectin-7, a marker of

stratified epithelia (Magnaldo et al., 1998; Timmons et
al., 1999; Sato et al., 2002), served to underscore the
inter-galectin differences, also when sharing sites of
presence with galectin-1. The staining profile of the
ovarian surface epithelium, corroborated by mRNA de-
tection (Nio and Iwanaga, 2007), is homogeneous for
galectin-7 and heterogeneous for galectin-1. Whereas
in this case the same cell type harbours two tested
galectins, the urinary bladder presents a case with
cell-type selectivity, as documented in Fig. SE, F. With
the presence of galectins in murine tumours having ini-
tially been proven biochemically (Gabius et al., 1984)
and the given results underlining the tissue presence of
more than one lectin in certain normal tissues, it is evi-
dently promising to monitor malignancy and other dis-
eases with a set of different antibodies. Ovarian/urothe-
lial tumours or gastric cancer, where expression of the
galectin-2 gene was found to be downregulated by chip
analysis of Helicobacter-induced tumours (Takaishi
and Wang, 2007), are attractive study objects in view of
the data reported herein. Investigations on human mate-
rial, e.g. pulmonary/head and neck cancer or muscle
biopsies have already attested the potential of localiz-
ing these proteins or galectin-binding sites as markers
(Bardosi et al., 1989; Kayser et al., 2003a, b, 2005;
Plzék et al., 2004; Saussez et al., 2006). Flanking the
galectin mapping with syntactic structure analysis and
application of other markers may then help shed light
on effector pathways of the lectins in vivo, e.g. by cor-
relating growth patterns to the presence of a galectin
(Kayser and Gabius, 1997, 1999; Kayser et al., 2001;
Sheikholeslam-Zadeh et al., 2001; Chovanec et al.,
2005) or to the absence of a functional galectin ligand
such as glycoprotein CD7 in Sézary syndrome (Rappl
et al., 2002).

Intuitively, the detection of disparities in regulation
and in cell-type patterns implies distinct structural fea-
tures. At the level of carbohydrate recognition, affinity
to the typical branch-end N-acetyllactosamine is com-
paratively low for galectin-7 (Ahmad et al., 2002; Dam
et al., 2005). Frontal affinity chromatography and iso-
thermal titration calorimetry uncovered further differ-
ences including toleration of a2,6-sialylation in struc-
tures with an N-acetyllactosamine repeat by galectin-7
but not galectin-1 (Ahmad et al., 2002; Hirabayashi et
al., 2002). Based on experimental and computational
description of extended binding sites for natural glycans
(Siebert et al., 2003; Wu et al., 2007) we set out to spot
sequence differences in the vicinity of crucial contact
points. Model building was feasible in two cases, and
sequence changes of assumed relevance were delineat-
ed. Since long-range effects by substitutions (i.e.
Cys2Ser and Argl11His) and the impact of ligand bind-
ing on the gyration radius are known from the case of
galectin-1 (He et al., 2003; Lopez-Lucendo et al., 2004),
the actual relevance of these alterations will definitely
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need to be tested experimentally by site-directed muta-
genesis.

Taken together, the presented evidence for the extent
of divergence among the homodimeric galectins-1, -2
and -7 prompts us to pursue the systematic profiling.
Structurally, the chimera-type galectin-3, which har-
bours a collagenase-sensitive domain and an N-terminal
section susceptible to serine phosphorylation, and tan-
dem-repeat-type proteins such as galectins-4/-6, -8 and
-9 are readily separated from the homodimeric proteins.
Corresponding data for these family members and their
correlation to the results presented here are expected to
contribute to enhance our understanding of the galectin
network.
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