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Good evidence suggest roles of galectins in cancer, immunity and inflammation, and development, but a unifying picture
of their biological function is lacking. Instead galectins appear to have a particularly diverse, bewildering but intriguing
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Good evidence suggest roles of galectins in cancer, immunity
and inflammation, and development, but a unifying picture of
their biological function is lacking. Instead galectins appear to
have a particularly diverse and bewildering, yet intriguing, array
of activities both inside and outside cells—one is tempted to say
that “clear truths and mysteries are inextricably twined” [1].
Fortunately this has not discouraged but rather enthused a large
number of good galectin researchers. Some, but far from all, of
these have contributed to this special issue of Glycoconjugate
Journal to provide a personal, critical status of the field. Other
recent reviews are [2-9].

The galectin family

The term galectin was introduced in 1994 [10] as follows:
“Membership in the galectin family requires fulfillment of two
criteria: affinity for B-galactosides and significant sequence
similarity in the carbohydrate-binding site, the relevant amino
acid residues of which have been identified by X-ray crystallog-
raphy (Lobsanov et al., 1993)”. This served the need to bring
together under one nomenclature proteins that had been given a
wide variety of names depending on the circumstances of their
discovery.
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The galactoside binding activity was included in the defini-
tion, after some discussion, because it was feared that carbo-
hydrate binding properties could not be inferred by sequence
alone. Moreover, defining the family by overall sequence sim-
ilarity in the 135 amino acid CRD, not just the seven amino
acid motif in the carbohydrate binding site, might have given
ambiguous cases. Now we know more because of the wealth
of new sequence information, both whole genomes, and many
cDNAs from a wide range of species [2]. Atleast in mammals it
is fairly easy to delimit a family of proteins by overall sequence
similarity to the canonical CRD that contains all the known
galectins and a few galectin like proteins (lacking B-galactoside
binding activity); there are no real straddlers where it is hard to
decide if they are in or out. Going to non-mammalian species,
there would be problems in defining galectins based on se-
quence only. For example, the sequences of mushroom galectins
are only recognizable as similar to mammalian galectins after
a motif based comparison, but are not significantly similar by
a standard BLAST-comparison. Therefore, at present it is best
to keep both the sequence motif and B-galactoside binding cri-
teria in the definition of galectins, and use the term galectin
like proteins for the proteins that are similar enough by overall
sequence but lack proven B-galactoside binding activity and
might lack some of the residues in the defining motif.

The family name galectin was also intended to replace the
previously used S-type lectin designation [11]. The S was meant
to indicate dependence on thiols (reducing conditions) for ac-
tivity, a property of galectin-1, the first galectin studied, but, as
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later found, not a property of many other galectins. However,
S-type fits so well with C-type, I-type etc. so it has its own
staying power. It is sometimes used to designate a larger pro-
tein family to which galectins belong or a subgroup of galectins,
but either is inappropriate, as no such family/group has been de-
fined. It is sometimes used as a synonym of galectins, but this is
unnecessary. So the term “S-type lectin”, unless redefined, can
safely be considered obsolete and be replaced by “galectin” as
done by its originator [12].

Galectin early discoveries

Galectins were discovered based on the hypotheses that cell
surface carbohydrates take part in cell adhesion [13]. Thus, tis-
sue extracts were analyzed for their ability to agglutinate ery-
throcytes and/or fractionated on affinity columns with immobi-
lized B-galactosides, a common cell surface carbohydrate that
at the same time was reasonably accessible in quantities enough
for biochemical experiments (e.g. in lactose, and asialofetuin)
[14,15]. Bound proteins were eluted with lactose and analyzed
further. A key technical discovery at this time was that the first
“galectin”, now known as galectin-1, required reducing condi-
tions to preserve activity. As mentioned above this is, however,
not true for most galectins found later.

These lactose binding lectins were given names, depending
on their source and discoverer, such as electrolectin, CLL-I and
-1I,L-14,L.-29,L-31,CBP35 and galaptin. When cloning began,
sequence comparisons demonstrated that a number of proteins,
discovered and named based on other properties (such as ¢BP,
and Mac-2), were identical or similar to the lactose binding
lectins. The galectin term then unified the nomenclature.

Using “galectin” to search PubMed gives over 1150 hits.
So the field is alive and well and rapidly growing. However,
many important and still valuable early papers are not found,
as they have not been indexed with “galectin” as a keyword
yet. Included are papers describing: (i) the first galectin discov-
ered (in electric organ of the electric eel) [15], (ii) galectins in
chick tissues with analysis of expression in different tissues,
during development, and subcellular compartments [16-19],
(iii) galectins in bovine heart and lung with specificity studies
[20,21], (iv) galectins in blood cells [22], (v) galectins in cancer
cells [23-26], (vi) galectins in cultured cells [27,28], (vii) mul-
tiple galectins in rat lung and intestine with detailed specificity
studies [29-31], and an early review [32].

Galectin domain organisation and subgroups [2]

The galectins known so far have either one or two CRDs within
a single polypeptide chain (Figure 1). The galectin CRD is
(with a few invertebrate exceptions) not associated with other
types of well defined protein domains, but only short or long
(galectin-3) relatively flexible peptides. Thus the galectin CRD
acts mainly by itself or together with another galectin CRD. This
is in striking contrast to many other types of protein domains,
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Galectins-1, -2, -5, Galectin-3  Galectins-4,-6,
-7,-10, -13, -14, -8,-9, and -12

GRIFIN, HSPC159,

PP13, PPL13, OVGAL11
Figure 1. Galectin subunit types [2]. The CRDs are shown filled
and other parts of the peptide open or hatched. The mono CRD
galectins can occur as monomers or dimers (Figure 2), or in
some cases (e.g. galectin-3) as higher order oligomers.

e.g. C-type lectin domains, which often occur together with
other domain types in the same peptide chain [12].

The mono CRD galectins can occur as monomers, dimers or
higher order oligomers depending on specific case and condi-
tions (concentration, presence of ligand). Two different dimer
interfaces have been defined, one as found in galectin-1, and
another as found in galectin-7 and suggested in galectin-3
(Figure 2). Galectin-3 has a C-terminal CRD associated with

The galectin CRD
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Figure 2. The galectin CRD. The top part shows an artist’s view
of the B-sandwich based on the structure of the galectin-3 CRD
[43]. Two orthogonal views illustrate the relationship between
the S- (thicker lines) and F-beta-sheets. Some strands and the
N and C-termini are labelled. The bottom. shows two types of
dimers represented by the structures of galectins 1 and -2 (left)
and -7 (right) [8,42]. Bound disaccharides are shown as gray
(online pdf version color: red) arrows pointing from the reducing
end to the non-reducing end.
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an N-terminal part consisting of 18 conserved amino acids
followed by 7-14 repeats, each having 8-11 amino acids that
include one aromatic and multiple Pro and Gly. The bi-CRD
galectins are bivalent as monomers and might also associate
into higher oligomers.

In 1993 Hirabayashi and Kasai proposed the designation of
galectin subfamilies as proto-, chimera and tandem repeat types
based on their domain organization [33]. These are still valid
and often used, but as they were defined based on very few pro-
teins, they should be applied with some caution in light of what
is now known. The prototype was defined as similar to dimeric
lectins with 14 kDa subunits known at the time, now known
as galectin-1, but in current literature all vertebrate mono-CRD
galectins (except galectin-3) tend to be included in this group
[3]. These are, however, not homogenous regarding mode of
oligomerization as the group includes monomers and at least
two different types of dimers (Figure 2). They do not segregate
as a subfamily from other galectins based on sequence or fine
specificity [2,3,34], and they are not prototype in an evolution-
ary sense [35]. The chimera type was defined as galectins having
a CRD and another type of domain, which at the time included
proteins with a variety of names all now known to be galectin-3
(identical or orthologues from different species). In vertebrates
no other chimera type galectins have been found, and so this
is a subgroup with one member and, moreover, it is a matter
of definition whether the N-terminal part of galectin-3 is a de-
fined protein domain or a long peptide extension, e.g. similar as
found in annexin VII [36]. In non-vertebrate species there are a
few chimera type galectins, but they can have either one CRD
or two CRDs, the latter thus being tandem repeat type also. For
the tandem repeat type it is important to recognize that in all
cases the two CRDs are as different from each other as they are
from other galectins and can have very different fine specificity.
Thus the genetic “tandem repeat” occurred a long time ago. In
conclusion, the proto-, chimera-, and tandem repeat nomencla-
ture may still be useful with the precautions mentioned above.
However, one can with equal convenience and clarity describe
galectins as having one or two CRDs (alternatively describe as
mono-CRD or bi-CRD) and specify other properties as needed.

Individual galectins

In the galectin nomenclature, mammalian galectins were num-
bered 1, 2, 3 etc. since it was considered likely that the ortho-
logues in different mammals should be easy to identify and
distinguish from paralogues. This has largely turned out to
be the case. With the completion of the human, mouse and
rat genome sequences the extent of the mammalian galectin
family and its variation between species is becoming ap-
parent [2,35,37]. There are currently 13 numbered mam-
malian galectins (galectins-1-10 and 12-14), and 5 galectin-like
proteins (GRIFIN, HSPC159, PP13, PPL13, and OvGalll).
The name galectin-11 has been used both for GRIFIN [38]
and OvGalll [39], even if neither has been shown to have
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carbohydrate binding activity. So the galectin-11 “slot” will
have to remain reserved .

Galectins-1, -2, -3, -4, -7, -8, -9 and -12, GRIFIN, and
HSPC159 have orthologues in human, mouse, rat and other
mammalian species. They are also different enough from each
other to indicate that they diverged well before mammals, and
can thus safely be regarded as separate mammalian galectins
and galectin-like proteins. However, the remaining galectins
appear only in a few mammalian species. Galectin-5, a mono-
CRD galectin, has been found only in rat and is almost iden-
tical to the C-terminal CRD of rat galectin-9; galectin-6, a bi-
CRD galectin, is only found in mouse and is almost identical
to mouse galectin-4. Human has two additional galectin-9-like
genes, one possibly encoding a second galectin-9, and the other
the C-terminal CRD alone. Galectin-10, -13, PP13, PPL13 and
additional related putative genes have been clearly identified
only in human, with no apparent orthologues in mouse and rat.
These are instead about 40% identical to OvGall 1, a galectin-
like protein in sheep stomach [39] and related bovine sequences
as discussed in detail by Cooper [2].

Non-mammalian galectins were not numbered in the original
galectin nomenclature, as it was too difficult to tell if they were
orthologues of a mammalian galectin or not. This is still true
for invertebrate galectins, and other numbering systems such
as LEC-1, -2. in C. elegans [40] have emerged. For vertebrates
the identification of orthologues to some mammalian galectins
is beginning to be possible with the increasing availability of
sequences; galectin-3 in birds, amphibians, and fish [2,35], for
example.

How ancient, large and conserved is the galectin family?

With the discovery of more and more galectins in a wider and
wider range of species, the galectin family has often been de-
scribed as large and highly conserved. However, the completed
genome sequences now permit a more accurate assessment of
its size and conservation. Compared to other protein families,
the galectins and galectin like proteins, with about 15 members
in one mammalian species, is a moderate size family. There are
many much larger families and also smaller ones. The galectin
family is ancient as members, or putative members, are present
in all animal kingdoms and even in plants and fungi. The de-
gree of conservation can be roughly estimated by comparing the
amino acid sequence of a human galectin with its orthologues, if
found, in other mammalian, and sometimes in non-mammalian,
species. Based on such comparisons most galectin CRDs are, on
average, as conserved as a functional protein like hemoglobin
(about 80% identity between mouse and man). Galectins-2 and
-9 are slightly more variable (about 70% identity, mouse-man),
galectins-1 and -3 slightly more conserved (about 87% iden-
tity), and HSPC159, as an exception, remarkably conserved
(99% identity, as high as for tubulin). A more sophisticated
analysis of galectin conservation and evolution is presented by
Ogawa et al. in this issue [41], and in [35].
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Galectin structure and specificity [3,8,42—44]

The galectin CRD is a beta-sandwich of about 135 aa (Figure 2).
The two sheets are slightly bent with 6 strands forming the
concave side (S1-S6) and 5 strands forming the convex side
(F1-F5). The concave side forms a groove in which carbohy-
drate is bound, and which is long enough to hold about a lin-
ear tetrasaccharide. Thus, one can schematically describe the
galectin carbohydrate binding site as having four subsites (A-D)
as is supported by specificity for small saccharides and has been
formally proposed [3,30,45]. It is also useful for the discussion
to add a fifth site E even if it is less defined on the structure. In
this model subsite C is the defining §-galactoside binding site
of the galectins, and subsite D contributes the second part of
the conserved core disaccharide-binding site (Figure 3). Here
we will give a general overview of galectin binding specificity
in terms of these sites, but a detailed description of specificity
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Figure 3. The galectin carbohydrate-binding site. At top is an
artist's view of the CRD as in Figure 2 with the four estab-
lished subsites indicated as A, B, C and D and a more loosely
defined proposed site as E (see text). The core binding site
C—D is boxed and a close up view with bound lactose (Galg1-
4Gic) and named interacting amino acid side chains is shown
in the middle. At the bottom are three common natural disac-
charides, which may also bind in the core site (C—D). They
present similar structures towards the protein, but with differ-
ent preference for different galectins. Note that the reducing OH
(bold) of the 1-3 disaccharides point to the E-site in a somewhat
different direction compared to those of the 1—4 disaccharides
(see text).
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of different galectins is beyond the scope of this introduction.
In this volume papers by Ogawa et al. [41], and by Brewer [46]
cover interesting cases of galectin structure and specificity.

The binding of a galactose residue in site C is the most con-
served feature of galectin binding activities. Six of the seven
“motif aa” interact with the Gal (Figure 3). However, binding
may be weaker in some galectins (e.g. galectin-10) or lacking
in galectin-like proteins, having some of the the amino acids in
the galectin signature motif replaced.

The binding of a saccharide in site D is the second most
conserved feature, but here the structure requirements for in-
teraction are much less, and can thus be fulfilled by different
saccharides (Figure 3). Preference for one or the other of these
is one source of the variation in specificity between galectins.
The pyranose ring is probably required in most cases as sac-
charides with an open ring in site D binds about 10 fold weaker
to galectin-1 [47] or -3 [48].

A second, and major, source for variation in specificity be-
tween galectins is their different ability to accommodate sac-
charides (GIcNAc, Gal, GalNAc, NeuAc) or other groups (e.g.
sulphate) in subsite B (and further extensions into subsite A).
These would be linked to the 3-OH of the Gal in subsite C and
may strongly increase or decrease affinity. Fuc at of 2-OH of
Gal may also affect binding but less so.

The structurally less defined Site E is included to summarize
possible interactions with moieties linked at the reducing end of
the saccharide in site D. In cells these would be another saccha-
ride, protein or lipid. Even if the glycosidic bond from D points
out into solution, large enough moieties linked here could inter-
act with the galectin CRD outside the binding groove proper.
It is also of interest that the type of disaccharide (1-3 or 1-4
linked) in site C—D determines the direction of the glycosidic
bond leading into site E (Figure 3), and, thereby, may be an
indirect specifier of interactions there, even in cases when the
two disaccharide types by themselves bind with similar affinity.

Interactions in site E might help explain some proposed
galectin binding activities that are not easily explained based on
the properties of the well-defined sites (A-D). Polylactosamines
with linearly repeated LacNAc residues have been suggested to
be preferred high affinity ligands for galectin-1 [49], but at the
same time other studies suggest that galectin-1 binds prefer-
entially terminal LacNAc residues in sites C and D with A
and B empty [46,50]. Then the next LacNAc residue would be
in site E, which might explain the higher affinity. In another
case, the GM1-ganglioside saccharide (Galg1-3GalNAcg1-4
(NeuAca2-3)Galg1-4Glc) has been proposed as a high affinity
ligand for galectins-1, -3 and -7 [51]. However, only the termi-
nal GalB1-3GalNAc of this saccharide would be able to bind,
albeit weakly, to the core site C-D, as the GalNAcfB1-4 would
block binding of the internal GalB1-4Glc there [30]. The latter
could instead, then, project into site E where additional inter-
actions with it and the NeuAc might occur (see also note added
in proof). In both cases differences in techniques used in the
affinity measurements may also be a confounding factor.
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A few reports have suggested that some galectins bind man-
nose [52,53]. Although further studies are needed, this opens
the possibility that galectins with weak galactoside binding ac-
tivity (e.g. galectin-10) and galectin-like proteins may in fact
have other specificities.

The relationships between CRD fine specificity and galectin
biological activities remain largely undefined (however see
[54]). Moreover, although various modes of oligomerization
and consequent ligand cross linking abilities appear to be an
essential part of some galectin activities, the details remain
largely undefined [S]. The interplay of the two domains of a
bi-CRD galectin, each of which possess a different specificity,
is beginning to be explored [55]. Galectins most likely bind a
range of different receptors at a cell surface at the same time,
yet they induce seemingly specific signaling effects. How spe-
cific are galectins at the cell surface? How many ligands do they
bind at the same time? What is the relationship between recep-
tor subset bound, and their fine specificity and/or quartenary
structure? What are the biological consequences? What is the
role of the galectin carbohydrate binding site intracellularly?

Other binding sites and structures

The amino acids in the C and D subsites of the galectin CRD
(Figure 3), are the only residues higly conserved among the
family as a whole. However, other parts of the CRD may be
conserved between species for one particular galectin and have
other interesting binding activities, e.g. act as dimer interfaces
(Figure 2), or induce non-carbohydrate dependent regulatory
effects on cells [56].

There is also evidence that under certain circumstances the
galectin CRD may adopt alternative folds with other activities
[57] and even, surprisingly, act as a membrane transporter and
perhaps refold into a transmembrane protein [58].

Intra- and extracellular activities of galectins
and non-classical secretion

Galectins have features typical of cytosolic proteins. They
are synthesized on cytosolic ribosomes, have no-signal pep-
tide, and have acetylated N-termini. Galectin-3 can be phos-
phorylated, but no other post-translational modifications have
been established with certainty for galectins. From the cytosol,
galectins can be targeted to the nucleus or other subcellu-
lar sites, as well as secreted by non-classical (non-ER-Golgi)
pathways.

Galectins display an intriguing combination of intra- and
extracellular activities [59-62]. Even the same galectin, e.g.
galectin-3, can have activities ranging from regulation of RNA-
splicing in the nucleus [60] to regulation of cell adhesion and
signalling outside cells [59]. This striking and surprising find-
ing is one of the major galectin mysteries. Are these activities
connected or separate?
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Non-classical secretion, which is a possible link between
the intra- and extracellular activities, is a characteristic fea-
ture of galectins not shared by most other lectins. The mecha-
nism remains unknown but possibilities have been reviewed for
galectins [63] and for other proteins also secreted this way [64].
The realization that certain proteins, traditionally thought of as
nuclear factors, can both enter and exit cells by non-classical
mechanisms and mediate a novel way of intercellular commu-
nication is an exciting emerging area [65].

Galectin function in vivo

Based on activities in tissue culture, various biological roles of
galectins in the whole organism have been proposed, for ex-
ample in regulation of immunity and inflammation [55,66-69],
progression of cancer [70-73], and in specific developmental
processes [74,75]. Experiments in animals have supported some
of these.

Mice deficient in galectins-1 and -3 have been generated
and analyzed in some detail, and a review has recently been
published [76]. In summary, galectin-1 and -3 are dispensable
for survival and fertilization under animal house conditions.
They do not substitute for each other, as the double-null mutant
mice are equally viable. However, clear but more subtle and
transient defects have been found after careful analysis, and
more will probably be found.

The galectin-1 null mice are deficient in the development of
a subset of olfactory neurons and transiently in muscle develop-
ment [75]. Notably defects in the immune system as expected
from the effects of galectin-1 on immune cells in culture, e.g. in-
duction of apoptosis [38,67,68], were not found in the galectin-1
null mice [76].

The galectin-3 null mutant mice show a defect in bone devel-
opment, some effects on survival or maintenance of neutrophils
and macrophages at an inflammatory site [76], and delayed
phagocytosis [77].

So far, there is no indication for functional redundancy
amongst galectins in vivo (at least galectin 1 and galectin 3,
as mentioned above). This is consistent with their specificity in
tissue distribution and in subcellular localization, as well as with
their different biochemical properties. That double galectins-1
and -3 mutants are alive suggests that these galectins may be
“optimising molecules” (not required for absolute function but
for most efficient function, [76]) rather than key players in de-
velopmental processes. Thereby they could fulfil functions that
are clearly dispensable for an individual in animal house con-
ditions, but may well be detrimental for the population in the
long run.

The above does not rule out the possibility, worth exploring
further, that galectins can have decisive rate limiting functions
in pathological conditions, e.g. cancer and inflammation as indi-
cated in many studies, and, thus, galectin inhibitors or galectins
themselves may find therapeutic use in the future [67,72,78-81].
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Note added in proof

Recently an NMR and modelling analysis supporting the
proposed type of interaction between galectin-1 and GM1 gan-
glioside was published [82].
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