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Abstract—Galectins are [-galactoside-binding proteins sharing homology in amino acid sequence of their carbohydrate-
recognition domain. Their carbohydrate specificity outside cells has been studied previously. The main conclusion of these
studies was that several levels of glycan ligand recognition exist for galectins: (i) disaccharide Galf1-4GIlcNAc (LN, N-
acetyllactosamine) binds stronger than -galactopyranose; (ii) substitution at O-2 and O-3 of galactose residue as well as
core fragments (“right” from GlcNAc) provides significant increase in affinity; (iii) similarly glycosylated proteins can dif-
fer significantly in affinity to galectins. Information about the natural cellular receptors of galectins is limited. Until recent-
ly, it was impossible to study specificity of cell-bound galectins. A model based on controlled incorporation of a single pro-
tein into glycocalyx of cells and subsequent interaction of loaded cells with synthetic glycoprobes measured by flow cytom-
etry made this possible recently. In this review, data about glycan specificity of proto-, chimera-, and tandem-repeat type
galectins on the cell surface are systematized, and comparative analysis of the results with data on specificity of galectins in
artificial systems was performed. The following conclusions from these studies were made: (i) cellular galectins have practi-
cally no ability to bind disaccharide LN, but display affinity to 3'-substituted oligolactosamines and oligomers LN,,; (ii) tan-
dem-repeat type galectins recognize another disaccharide, namely Galp1-3GIlcNAc (Le°); (iii) on the cell surface, tandem-
repeat type galectins conserve the ability to display high affinity to blood group antigens of ABH system; (iv) in general,
when galectins are immersed into glycocalyx, they are more selective regarding glycan interactions. Thus, we conclude that
competitive interaction of galectins with cell microenvironment (endogenous cell glycans) is the main factor providing

selectivity of galectins in vivo.
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Galectins are (3-galactoside-binding lectins defined
by shared consensus amino acid sequence of carbohy-
drate-recognition domain (CRD) [1, 2]. Currently, 15
proteins of this family have been identified in mammals.
Based on the structural organization of CRDs, galectins
are divided into proto-, chimera- and tandem-repeat
types [3]. Prototype galectins have one CRD and usually
form noncovalent dimers (Fig. 1); tandem-repeat type
galectins contain two carbohydrate-recognition domains
(N-CRD and C-CRD) connected by a short linker pep-
tide. The chimera-type is presented by galectin-3 that has
two distinct domains, i.e. C-terminal CRD and N-termi-
nal regulatory domain that contains collagen-like repeti-
tive regions [4].

Abbreviations: CRD, carbohydrate-recognition domain; fluo,
fluorescein; gal, galectin; Glyc, glycan residue; PAA, polyacryl-
amide.

* To whom correspondence should be addressed.

Galectins have been attracting attention for more
than 30 years because they are involved in many process-
es, namely, in cell cycle regulation, cell—cell and
cell—extracellular matrix adhesion, transmission of inter-
cellular signals, and many others. Some galectins are
mediators of inflammation, markers of tumor progression
and chemoattractants [5-7].

Despite the vast number of studies, information on
real (functioning, rather than potential) galectin cell lig-
ands (i.e. glycans) is extremely limited. It is, however, in
high demand as it provides the key to identification of
their natural receptors (i.e. glycoproteins and, possibly,
glycosphingolipids).

The carbohydrate specificity of galectins has been
studied by numerous extracellular methods, including
solid-phase assays [8-11], surface plasmon resonance
[12], fluorescence polarization [11], frontal affinity chro-
matography [3, 13], and calorimetry [14]. The develop-
ment of microarray technology has made it possible to

846



SPECIFICITY OF GALECTINS ON CELL SURFACES

apply several hundreds of different glycans to a single chip
to get information on carbohydrate-recognition profile of
all currently known mammalian galectins [15, 16].

It should be noted that data on specificity obtained
for the galectin using different methods might not be con-
sistent. For example, gal-3 binds to lactosamine (LN) in
isothermal calorimetry [14], but no interaction was
observed for the same disaccharide on a glycochip [16].
Another example is GM 1, which was identified as a gal-1
ligand in SK-N-MC neuroblastoma cells using a cellular
variant of enzyme immunoassay [17]; frontal affinity
chromatography and glycochip technology did not dis-
play binding to glycan which is part of the ganglioside [3,
16]. Increase in a number of LN units in the oligolac-
tosamine chain expands binding of gal-1 and gal-8 in
solid-phase assays, but not in the study by frontal affinity
chromatography [3, 8, 11]. Discrepancies in the literature
seem to be associated with particular features of various
test system designs, in particular with limited spatial
accessibility of the ligands.

The analysis of data obtained in cell-free systems
reveals the following regularities:

1) galectins bind to oligolactosamines; for most of
galectins, the affinity for glycans increases in the LN —
(LN), — (LN); = (LN); sequence;

2) galectins bind to sulfated and sialylated glycans;
the presence of negatively-charged groups substantially
increases the affinity of galectins for glycans;

3) fucosylation of the LN-core increases affinity of
galectins for glycans; the binding of all investigated
galectins to Fucal-2LN-LN was stronger than to the
corresponding dilactosamine (LN),;

4) except for gal-1, all galectins recognize glycans
containing Gala/GalNAca..

Obviously, the ability to recognize such a wide range
of glycans implies that galectins have a sufficiently wide
repertoire of receptors. Indeed, galectin receptors have
been identified in virtually all organs — they are repre-
sented by glycoproteins of extracellular matrix and
immune cells, integrins, lysosomal integral membrane
proteins LAMP-1 and -2, and glycosphingolipids (the
data are systematized in reviews [6, 18-21]). It should be
noted, that available information on cellular receptors is
primarily based on data obtained in cell-free models
where: 1) galectins are precipitated with extracts of cell
membrane or extracellular matrix proteins; 2) glycopro-
teins are isolated by cell lysate chromatography on a sor-
bent with immobilized galectin; 3) binding of recombi-
nant glycoproteins to galectins is investigated using solid-
phase assays. For example, chromatography of T-cell
lysate on Sepharose with immobilized gal-3 followed by
electrophoresis and Western blot analysis of proteins
using corresponding antibodies showed that gal-3 binds
to glycans of CD29, CD43, CD45, and CD71 on T-lym-
phocytes [22]. Another example, co-immunoprecipita-
tion of gal-8 with lysate of CHO cells (Chinese hamster
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Fig. 1. Structure of galectins. The CRDs are highlighted in black,
the tandem-repeat type galectins linker is shown in white. The
regulatory domain of galectin-3 is shown in gray. C- and N-, col-
lagen- and N-terminal regions of the regulatory domain.

ovarian cells) transfected with podoplanin, showed that
the latter is a receptor for galectin on endothelial cells
[23]. The results of study of the binding of gal-1 immobi-
lized on plastic to proteins from HUVEC (endothelial
cells from umbilical vein) lysate indicate that neuropilin is
the receptor for galectin [24]. However, there are many
examples demonstrating that in vivo galectins are more
selective, i.e. bind only to few ligands. For example, gal-9
does not bind directly to TIM-3 on endothelial cells [25],
even though glycoprotein—lectin complex has been crys-
tallized previously [26]. Gal-4 mediates the adhesion of
only those cells that have sulfated glycolipids exposed on
their surface [27]; induction of cell adhesion to extracel-
lular matrix by gal-1 is associated with selective binding of
galectin to oligolactosamine chains of certain proteins
only, namely of laminin or fibronectin [28, 29].
Obviously, cell-free assays do not reproduce correctly the
interaction of galectins with cognate glycans. In this
regard, it is unknown whether cell-free systems can cor-
rectly reflect the nature setting, i.e. when galectins are
anchored in the glycocalyx. Except for gal-3 (which pre-
sumably exists as a pentamer [30]), galectins are bivalent,
and they do not have other functional domains beside
CRD:s. If both CRDs are bound to ligands exposed on a
cell (cis-ligands), the protein is unable to recognize
“external” (trans-) glycans. It is obviously impossible to
construct a cell-free model that simulates both the effect
of cis-glycans and the cell—cell interactions.

Studies on specificity of other cell bound lectins are
commonly based on the analysis of binding of cells trans-
fected with corresponding proteins [31-34] to glyco-
probes by flow-cytometry or by cell version of solid-phase
assay. These approaches yielded data on carbohydrate
specificity of siglecs [31], macrophage galactose-specific
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Fig. 2. Methodology of cell-bound galectin specificity studies: galectin are loaded onto Raji cells and probed with Glyc-PAA-fluo. PAA, poly-
acrylamide; Glyc, carbohydrate moiety; fluo, fluorescein residue [40, 41].

lectin (MGL) [33], and dendritic cell lectin (DC-SIGN)
[34]. In some cases, studies revealed discrepancies with
data obtained in the cell-free systems. For example, most
siglecs bound to glycoprobes (identified as affine in the
solid-phase assays) better after desialylation of the cells
[31], indicating that the CRD of lectins is masked by cis-
sialosides.

Galectins have no signaling sequence and trans-
membrane domain, making it difficult to obtain stable
transfected lines [35]; therefore, the approach described
above is not applicable. The data on cellular ligands of
galectins are mainly obtained using a “reverse” approach
based on investigation of the binding of an exogenic
galectin to cell surface glycans that are either native or
altered using glycosidases or glycosylation inhibitors [16,
36-38].

In 2008, a model was proposed to study galectin
specificity within cellular glycocalyx, in which galectin is
loaded onto Raji cells (B lymphocytes that do not express
endogenous galectins; Fig. 2, I and II), and the binding of
cells to fluorescein polyacrylamide-labeled glycoconju-
gates (Glyc-PAA-fluo glycoprobes) is studied by flow
cytometry (Fig. 2, IIT) [37-39]. Glyc are regular glycans
(usually terminal fragments) that form glycocalyx of ani-
mal cells: oligolactosamines, sulfated and sialylated gly-
cans, oligosaccharides of the ABH system, and others
(presented in the table).

PROTOTYPE GALECTINS

Prototype galectins -1, -2, and -7 did not bind LN
disaccharide in the cellular assay, but showed an affinity

to oligolactosamines with B1-3 linkage between LN-
repeats (Fig. 3, top panel). In general, galectins bound to
the linear (table, Nos. 27 and 29) and branched (table,
Nos. 30 and 32) oligolactosamines at the same level. In
contrast to published data [8, 16], higher number of LN-
units in the chain did not result in stronger binding.
Though prototype galectins did not bind to Le°-disaccha-
ride, gal-2 and gal-7 displayed affinity to more complex
glycans that contain this disaccharide, namely to
Le®3'Lac, Le®3’'LN, and Le®3'Le® (table, Nos. 25, 33, and
34). These lectins also bound to the ABH-glycans (table,
Nos. 19, 20, 36-39).

Compared to the results obtained in cell-free assays,
the main difference was observed in the binding of nega-
tively charged glycans. As a rule, in cell-free assays the
presence of sulfate or NeuSAca at O-3 position of the
galactose residue was associated with higher ligand affin-
ity, and in some cases, this increase was quite pro-
nounced. For example, 3'OSule® and 3'OSulLN were
identified as the most potent glycans for gal-1 and gal-7
[15, 16, 43], the affinity to these disaccharides was higher
than to oligolactosamines. The 3’'-sialylated oligolac-
tosamines displayed even stronger binding [9, 16].

When loaded onto cells, however, prototype
galectins did not exhibit any affinity to 3'-O-sulfated and
3’-sialylated derivatives of LN (table, Nos. 5, 8, and 14)
and Le° (table, Nos. 9 and 16) (Fig. 3, top panel) despite
the binding observed in solid-phase assays [44] (Fig. 3,
bottom panel). Remarkably, in both cases, Glyc-PAA gly-
coprobes that interacted with galectins had the same
molecular weight and the same concentration of the Glyc
component; therefore, the only substantial difference was
the presence of glycocalyx in the cellular assay.

BIOCHEMISTRY (Moscow) Vol. 80 No. 7 2015



SPECIFICITY OF GALECTINS ON CELL SURFACES 849

GALECTIN-3

In cellular assay, gal-3 did not bind to LN disaccha-
ride (Fig. 4, top panel) but interacted with oligomeric
forms of LN (table, Nos. 27, 29, 30, and 32), the increase
of LN units in the chain enhancing the affinity. Among all
glycans containing a terminal Le®-fragment, the lectin
bound only to Le3'Lac, although the binding was some-
what weaker than in the case of LN3'Lac. Furthermore,
gal-3 showed affinity to Gala3’LN trisaccharide and A-
and B-tetrasaccharides (types 1 and 2). The binding to B
(type 2), which features Fuca, at the O-2 position of Gal
residue (table, No. 39), was weaker than that to Gala3'LN
(table, No. 18), implying that the contribution of the
fucose residue in this case was negative.

As was the case for prototype galectins, gal-3 bound
to 3’OSulN, 3’OSulLe®, and 60SulLN in solid-phase
assays (Fig. 4, bottom panel) but not when loaded on the
cells [15, 16].

TANDEM-REPEAT TYPE GALECTINS

Just like prototype and chimera-type galectins, tan-
dem-repeat galectins did not (gal-4, gal-8) or weakly
(gal-9) bind LN (Fig. 5a, top panel); however, they dis-
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played affinity for linear and branched oligolactosamines.
Increasing the number of LN units in the chain did not
affect the binding. Unlike other galectins, gal-9 bound
not only to LN3'LN3 and LN3'(GIcNAc6)'LN (table,
Nos. 27 and 30), but also to oligosaccharides in which LN
units were [B1-6 linked, namely LN6'LN and
LN6’(GIcNAc3')LN (table, Nos. 28 and 31), although
the affinity to these glycans was lower than to the p1-3
versions (Fig. 5a, top panel). The ability of gal-9 to bind
to B1-6 oligo-LN is a unique feature of this particular
galectin, rather than of the cellular assay [15].

As mentioned above, LN is not an affinity ligand for
tandem-repeat type galectins; however, gal-8 and gal-9
(but not gal-4) bound to its isomer, Le® disaccharide
(table, No. 2). At the same time, all galectins, including
gal-4, displayed affinity for glycans containing Le‘-frag-
ment, such as Le®3’'Le® and Le®3'Lac tetrasaccharides
(table, Nos. 35 and 25) (Fig. 5a, top panel). It should be
noted that in contrast to proto- and chimera-type
galectins, gal-8 and gal-9 bound to Ty, and TF disaccha-
rides [38], where the galactose is linked to O-3 position of
GalNAca or GalNAcP residue (table, Nos. 3 and 4).

All three investigated tandem-repeat type galectins
displayed affinity for sulfated glycans, namely 3'OSulLN,
60SulLN, 3’OSuLe®, and 3'OSuTF, to some extent.
However, in the case of gal-8 and gal-9, the binding to these

gal-2 W gal-7

Fig. 3. Comparison of specificity profiles for prototype galectins in cellular and cell-free assays. Top panel: cell assay, flow cytometry; the ordi-
nate shows increase in fluorescence; values <20 were indicative of the lack of binding. Bottom panel: solid-phase inhibition assay [42]; the

ordinate shows relative inhibitory potency.
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No. Glyc Abbreviation
1 2 3
Disaccharides
1 Galp1-4GIcNAcp LN
2 Galp1-3GIcNAcp Le*
3 Galp1-3GalNAco TF
4 Galp1-3GalNAcp Tgp
5 3-0-Su-GalB1-4GIlcNAc 3'0OSulLN
6 4-0-Su-Galp1-4GIcNAcB 4'0OSuLN
7 6-0-Su-Galp1-4GIcNAcp 6'OSuLLN
8 Galp1-4(6-O-Su)GIcNAcp 60SulLN
9 3-0-Su-GalB1-3GIlcNAcB 3'0OSule®
10 3-0-Su-GalB1-3GalNAca 3'OSuTF
11 GalNAca1-3GalNAcp Fs-2
12 GaINAcB1-4GlcNAcpB LacdiNAc
13 GalNAcB1-4(6-O-Su)GIcNAcB 60SuLacdiNAc
Trisaccharides
14 Neu5Aca2-3GalB1-4GlcNAcB 3'SialLN
15 NeuSAca2-6Galp1-4GlcNAcpB 6'SiaLN
16 NeuSAca2-3Galp1-3GIcNAcpB 3'Siale®
17 NeuSAca2-3Galp1-3GalNAca 3'SiaTF
18 Gala1-3GalB1-4GIcNAcp Gala3'LN
19 Fuca1-2Galp1-3GIlcNAc H (type 1)
20 Fuca1-2Galp1-4GIlcNAcpB H (type 2)
21 Fucal-2Galp1-3GalNAca H (type 3)
22 Fuca1-2GalB1-3GalNAcp H (type 4)
23 Galal-3(Fucal-2)Galp B
24 GalNAca1-3(Fucal-2)Galp A
Tetra-, penta- and hexasaccharides
25 Galp1-3GIcNAcB1-3Galp1-4Glcp Le®3'Lac (LNT)
26 Galp1-4GIcNAcB1-3Galp1-4Glcp LN3'Lac (LNnT)
27 Galp1-4GIcNAcB1-3Galp1-4GIcNAcp LN3'LN
28 Galp1-4GIcNAcB1-6Galp1-4GlcNAcp LN6'LN
29 Galp1-4GIcNAcB1-3Galp1-4GlcNAcB1-3GalB1-4GIcNAcp (LN);
30 Galp1-4GIcNAcB1-3Galp1-4GIcNAcp
/
GIcNAcB1-6 LN3'(GIcNAc6')LN
31 Galp1-4GIcNAcB1-6Galp1-4GlcNAcpB
/
GIcNAcB1-3 LN6'(GIcNAc3")LN
32 Galp1-4GlcNAcB1-3GalB1-4GIcNAcp
/ ’ ’
Galp1-4GIcNAcB1-6 (LN),3",6'LN
33 Galp1-3GIcNAcB1-3Galp1-4GlcNAcp Le3'LN
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Table (Contd.)

I 2 3
34 GalB1-3GIcNAcB1-3GalB1-3GIcNACB Les3Let
35 GalB1-3GIcNAcB1-6GalB1-4GIcNACP Le6'LN
36 GalNAca1-3GalB1-3GIcNAcB

Fucal-3 Altype 1)

37 GalNAca1-3GalB1-4GIcNAcB

Fucal-3 A (type 2)

38 Gala1-3Galp1-3GIcNACB
Fucal-2 B (type 1)

39 Gala1-3Galp1-4GIcNACB
Fucal-2 B (type 2)

40 Gala1-3Galp1-3GalNAco
Fucocl-2/ B (type 3)

41 Gala1-3Galp1-3GalNAcB
Fucal-2 B (type 4)

glycans was comparable with that to their neutral analogs,
LN, Le®, and TE and the impact of a negatively charged
group was observed only for gal-4 (Fig. 5a, top panel).

The most affine ligands for tandem-repeat type
galectins were blood group specific ABH-antigens — the
binding to them was significantly stronger than to oligo-
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lactosamines (Fig. 5a, top panel); gal-4 and gal-8 prefer-
ably bound to A glycans, and gal-9 to B glycans.

In solid-phase assays, the highest affinity ligands for
full-size galectins were negatively charged glycans; only
gal-9 displayed affinity to the A- and B-blood group gly-
cans (Fig. 5a, bottom panel). In the same assay, N-

h Ga/Q\?Z/V

A (fJ’,Oe 2
B(I‘J/,De 2
H([J/,Oe 7)

“ H(’J’De 2

Fig. 4. Comparison of specificity profiles for gal-3 in cellular and cell-free assays. Top panel: cytometry. Bottom panel: solid-phase assay (for

details see caption to Fig. 3).

BIOCHEMISTRY (Moscow) Vol. 80 No. 7 2015



852

Fluorescence

Relative activity

b O gal-4N

Relative activity

gal-4C

= ga/-8N M gal-9N

RAPOPORT, BOVIN

m gal-9

Fig. 5. Comparison of specificity profiles for tandem-repeat type galectins in cellular and cell-free assay systems. a) Full-length galectin — top
panel: cytofluorimetry; bottom panel: solid-phase assay. b) Single-domain galectin — solid-phase assay (for details, see caption to Fig. 3).

domain galectins displayed affinity to oligolactosamines,
whereas C-domain of gal-4 bound to ABH glycans
(Fig. 5b). Both C- and N-single-domain galectins bound
to negatively charged glycans, although N-forms dis-
played higher affinity. The data obtained in the solid
phase assays suggest that the N-CRD of tandem-repeat
type galectins is responsible for binding to oligolac-
tosamines and negatively charged glycans, whereas the C-
CRD displays affinity to ABH glycans. If this is true, the
N-CRD plays the key role in galectin anchoring cells,
whereas the C-domain is involved in recognition of
exogenous (tfrans-) glycans.

COMMON FEATURES
OF LIGAND RECOGNITION BY GALECTINS
ON THE CELL SURFACE

Binding to short disaccharide ligands. Except for gal-
9, all galectins anchored the cell surface did not bind LN,

though this disaccharide is considered the “canonical”
ligand for all galectins and significantly bound to them in
various cell-free assays [14, 45]. Other 3-galactose termi-
nated disaccharides, such as Le® (GalB1-3GIcNAcp), TF
(GalBl-3GalNAca), and Tgg (GalBl-3GalNAcB) as a
part of glycoconjugates, were also not recognized by
galectins, except for tandem-repeat type galectins (-8 and
-9).

Binding to oligolactosamines and Le‘-terminated gly-
cans. All investigated galectins displayed affinity to oligo-
lactosamines, in which LN fragments were 31-3 linked.
Increasing the number of LN units in the chain from 2 to
3 did not affect significantly the binding of lectins to these
glycans; binding to linear and branched trilactosamines
was practically identical, except for gal-8, which dis-
played weaker binding to the branched variants [38].
Though only tandem-repeat type galectins interacted
with Le® disaccharide, all the others (except for gal-1)
also exhibited affinity for Le°-terminated oligosaccha-
rides to some extent.

BIOCHEMISTRY (Moscow) Vol. 80 No. 7 2015
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Binding to glycans containing Fuca, Gala, GalNAca,
Neu5Aca, and HSOj residues. The presence of Fuca at
0-2 or/and Gala/GalNAca. at O-3 of galactose residue
of the GalB1-4GlcNAc disaccharide transforms inert gly-
can into a galectin ligand. This elongation of the structure
also positively impacted the affinity of other disaccharides
that displayed weak binding (see above). The affinity for
the blood group antigens was most pronounced in tan-
dem-repeat type galectins. All galectins (except for gal-1)
exhibited affinity for ABH-glycans of type 1 or 2, where-
as only tandem-repeat type galectins bound to glycans
containing type 3 (GalB1-3GalNAca,; table, Nos. 21 and
40) and type 4 (Galp 1-3GalNAcp; table, Nos. 22 and 41)
glycans.

While the presence of neutral substituents at O-3 of
Gal residue (see above) positively affected the binding to
glycans, the presence of a sulfate group at the same posi-
tion had no effect on the interaction. This is true for di-
saccharides, which do not bind to proto- and chimera-
type galectins, whereas in case of tandem-repeat type
galectins the effect was as negligible as in the case of neu-
tral disaccharides. Despite the fact that in cell-free assays
3’-sialylation results in increased binding of galectins to
oligolactosamines [9], in cellular system the positive
effect was reported for gal-8, whose binding is decreased
after desialylation of the cells [38]. Meanwhile, the treat-
ment of cells with a neuraminidase resulted in the
increased binding of gal-2, -3 [16], -4, and -9 [38]. These
results indicate that 3'-sialylation interferes rather than
promotes the binding. This was confirmed by the fact that
interaction of gal-1, -2, and -3 with CHO cells defective
by biosynthesis of 3'-sialylated glycans was stronger than
that with parent mock transfected cells [36].

REASONS FOR SELECTIVITY
OF GALECTINS ON CELLS

The study including more than a dozen galectins and
40 glycoprobes brings us to the following conclusion.
Though the specificity pattern of galectins loaded onto
cells is similar to that observed in cell-free assays,
galectins are more selective regarding the binding to the
cognate ligands on the cell surface. For example,
galectins do not bind to certain ligands at all, including
canonical LN. We are sure that the reason of that is not
steric inaccessibility of short disaccharide ligands, since
some of the disaccharides still display affinity. The
observed phenomenon is not associated with the charge
of the ligands either. There is no reason to consider weak
interactions with disaccharides (including sulfated ones)
as artefacts, since the results of substantially different
approaches are consistent overall.

If ligands are ranked according to their affinity in
cell-free assays, those with the lowest affinity are com-
pletely inactive in a cellular system, i.e. cell refutes weak
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Fig. 6. Gal-1 on Raji cells did not bind to low-affine ligands in the
form of 3'OSuLN-PAA-fluo and 3'OSule®-PAA-fluo probes.
However, -galactosidase treatment results in interactions, with
intensity typical for ligands of medium or even high rank.

interactions, but does not affect strong ones, which
appears to be similar to inhibitory effect. The cell glyco-
calyx most likely acts as an inhibitor, i.e. glycans of the
same cells, which we call cis-ligands (as opposed to trans-
ligands of a glycoprobe or a second cell, which partici-
pates in galectin-mediated adhesion). It has been shown
that galectin CRDs contact with a larger moiety in gly-
cans than a disaccharide; therefore, it is not surprising
that natural glycans easily win the competition. In addi-
tion, if a cis-ligand is in close proximity to an anchored
galectin, in terms of entropy it takes precedence over a
free-moving trans-competitor. Several experiments sup-
port the hypothesis of cis-influence, including treatment
of galectin-loaded cells with P-galactosidase, which
results in loss of the selectivity, observed for native cell
galectins, as shown in Fig. 6.

The power of cis-effect was demonstrated in another
series of experiments, which compared interaction of two
types of MDCK (Madin—Darby canine kidney epithelial)
cells with glycoprobes, namely normal cells and those
transfected with a2,6-sialyltransferase [39]. Transfection
significantly enriches glycocalyx with 2,6-linked neur-
aminic acid, and, subsequently, lowers the level of 2,3-
linked neuraminic acid. Gal-8 has two different CRDs,
one of which (N-domain) binds well to the latter version,
i.e. to NeuSAca2-3GalB1-4GlcNAc-terminated glycans,
and is involved in anchoring the gal-8 on a cell. The sec-
ond CRD (C-domain) is specific to ABH-glycans; in par-
ticular, it has the maximum affinity to A (type 2)-tetra-
saccharide but only weakly interacts with NeuSAca?2-
3GalpB1-4GlcNAc. Therefore, the second CRD of the gal-
8 immersed into the glycocalyx remains free or is masked
by nearby cis-NeuSAca2-3Galp1-4GIlcNAc. When A
(type 2) probe is added to the cells, it must compete with
cis-Neu5Aca2-3GalB1-4GIcNAc. It was found that in
cells enriched with cis-Neu5Aca2-3Gal1-4GIcNAc, the
high-affinity ligand A (type 2) competes poorly with the
low-affinity NeuSAca2-3GalB1-4GIcNAc, as the latter
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has the advantage of being a cis-ligand. The cis-effect of
microenvironment of a galectin immersed into a cell
appears to be one of the mechanisms substantiating selec-
tivity of intercellular recognition: cis-ligands mask
galectins, preventing their interaction with low-affinity
ligands, but at the same time, they allow high-affinity
interactions.

It should be noted, however, that though masking of
weak interactions in a cellular system appeared to be a
common phenomenon, sometimes the opposite effect is
observed. In particular, gal-4 and gal-7 essentially do not
interact with ABH-glycans in a solid-phase assay but dis-
play significant binding to them in the cellular one.
Therefore, the hypothesis of cis-regulation does not
reflect full complexity and versatility of galectin-mediat-
ed cell—cell adhesion.

GALECTINS OF OTHER ANIMALS

Due to the limited published data, the comparison of
galectin profiles in humans and other animals was out of
scope of this review.

The specificity profiles established for avian and
human galectins loaded onto cells were quite similar [39,
44]. However, there are some differences as well. For
example, the glycan-binding profile of rodent galectins
differs from that of their human orthologs; interestingly,
the differences were observed in cellular but not in solid-
phase assay (E. M. Rapoport, unpublished data). The
available data suggest conservative rather than evolving
specificity profile of animal galectins.

UNANSWERED QUESTIONS

As mentioned above, there are reasons to believe that
galectins have “natural” receptors, i.e. glycoproteins or
other glycoconjugates whose affinity, for unknown cause,
is orders of magnitude higher than affinity of glycans as
such. They may be, e.g. yet unidentified minor glycans.
This hypothesis is indirectly supported by preference of
avian tandem-repeat type galectins to ABH-glycans not
found in birds. This may suggest that their natural recep-
tors are related glycans, which have not been discovered
yet. It should not be excluded that high-affinity ligands of
galectins are not glycans, per se, but molecular patterns
(microbe-associated (MAMP) or damage-associated
molecular patterns (DAMP) [46, 47]), which contain
glycans. This version is supported by several papers
describing nonclassical interactions of galectins, in par-
ticular, (1) human tandem-repeat galectins bind to bac-
terial E. coli O86 polysaccharide related to blood group B
antigenic determinant [48, 49], (2) tandem-repeat type
galectins bind to rhamnopolysaccharide of E. coli 19ab,
which contains no “classical” galectin-binding motifs
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like GalB1-4GlcNAc [49]; (3) gal-3 interacts with $1,2-
mannosides from Candida albicans [50]; (4) gal-3, -7,
and -9 bind to partially desulfated glycosaminoglycans
[51].

At the same time, there are many arguments against
the existence of high-affinity ligands. In particular, the
available information on the experiments with galectins
(four studied proteins) loaded onto cells (seven studied
cell lines) did not prove that the galectins might bind with
endogenous glycans so strongly that it could prevent their
detection by glycoprobes.

The question of localization of galectins within gly-
cocalyx remains unanswered. It is not clear whether they
are immersed into glycocalyx (that would be consistent
with a mechanism of release from a cell) or are accumu-
lated at its periphery (that would be expected for their
adhesion function); whether they are distributed rather
uniformly, concentrated in rafts, or deployed in a com-
pletely different manner. We do not have information
about the dynamics of distribution of galectins on glyco-
calyx. Studies of galectin localization in glycocalyx are
hampered because of limited information about 3D gly-
come of the glycocalyx and, consequently, distribution of
galectin ligands. Confocal microscopy combined with an
experimental model discussed here allows resolving these
questions at least in part.
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