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Introduction to the
complex world of glycobiology

Glycowhat?

To most people, sugars (carbohydrates) are primarily something energy rich
in the diet, or, something you have to control when having diabetes. But besides
being a part of energy metabolism, carbohydrates are, together with DNA,
proteins, and lipids, one of the four biopolymers of which all living cells are
constituted. Of the four, carbohydrates are the most abundant and most
complex [1-3]. Glycobiology is the study of chemistry, structure, biosynthesis,
biology and function of carbohydrates and their derivatives [2, 3]. Their
complexity arises from enormous structural variability and a non-template
driven synthesis.

Carbohydrate building blocks, monosaccharides, can be connected in either
o- or B-linkage between any carbon atoms with a free hydroxyl group [3]. In
addition, one monosaccharide can be linked to several other monosaccharides,
creating branched structures which vastly increase the number of alternative
configurations of a polysaccharide. Linearly connecting three given nucleotides
or amino acids results in a maximum of six different trinucleotides or
tripeptides, whereas three given monosaccharides can generate thousands of
unique trisaccharides [3]. By further monosaccharide additions, the theoretical
number of variants quickly reaches far beyond one million. Fortunately, in
nature the number of combinations is limited.

Carbohydrates, or glycans, are built on protein or lipids by the combined
action of sequentially working enzymes adding a monosaccharide in a specific
linkage (glycosyltransferases) or hydrolyzing a specific linkage (glycosidases) [1,
3]. Almost all of these enzymes are found in the secretory pathway of ER/Golgi
and as a result, most glycoconjugates are found on the outside of the cells or
inside vesicles. However, also nuclear and cytosolic glycosylations, such as O-
GlcNAcylation of proteins, play important roles in cell function [4, 5].

There is no obvious template after which glycosylation occurs, but still this
process is highly regulated [1, 2]. Which glycans that can be produced in a cell is
determined by the array of enzymes (glycosyltransferases, glycosidases and
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others) present in that particular cell, and is a highly dynamic process. With the
tight connection to cell metabolism, a cell’s glycan repertoire is altered under
various normal cell stages, e.g. during differentiation, and disease such as
neoplastic transformation [6].

A protein with defined glycosylation sites does not necessarily get
glycosylated exactly the same every time it’s produced by a cell. Differences in
which sites get glycosylated and the exact structure of the glycan give rise to
various glycoforms, which can be of functional importance [7]. Such
microheterogeneity could be an explicit example of precise regulation, or a
stochastic event, or a little of both [1, 3]. The precise mechanisms that determine
cell glycosylation remains to be understood.

Five different classes of glycans will be shortly described below, and their
connection to human disease if applicable. Linkage of the glycan to its carrier,
and its core structure, are structurally different and determines to which class
the glycan is belonging [3], see also Figure 1.

N-linked glycans

Nearly all proteins that pass the endoplasmic reticulum and Golgi apparatus
during their synthesis are glycosylated on one or more asparagines (Asn, N)
(Figure 1). A lipid linked precursor oligosaccharide starts to assemble in the
cytosol and is further extended in the endoplasmic reticulum (ER). When
consisting of 14 monosaccharides in specific arrangement (2 GlcNAc, 9 mannose
(Man) and 3 glucose units) it is transferred to an asparagine, often situated in an
Asn-X-Ser/Thr motif, on a protein being translated nearby. Further processing
to a ‘high mannose’ structure (2 GlcNAc and 8 Man) occurs before transit to the
Golgi apparatus where trimming continues and GlcNAc is added, introducing a
branch on the ou-3 linked Man (giving rise to ‘hybrid’ type structures). This is
required for the formation of so called ‘complex’ N-glycans that have one or
more additional GlcNAc initiated branches on the ou-3 and cu-6 Man (Figure 1).
The GIcNAc branches are usually elongated further by galactose, fucose and
sialic acids [3, 8]. Longer glycan chains often contain repeating LacNAc (Galpi-
4GlcNACc1-3) residues with terminal modifications as «2-3 sialylation and/or oa-
2 fucosylation. A core fucosylation (on the GlcNAc linked to the protein
asparagine) is also commonly seen. For a detailed review of the enzymatic steps
forming the ‘high-mannose’, ‘hybrid’ and finally the ‘complex’ structures of the
N-glycosylation process please refer to [8].

12
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Figure 1 Glycoconjugates. Representative examples of each of the five classes of
glycoconjugates (from left): N-linked glycan, O-linked glycan, glycosaminoglycans,
glycolipids and a GPIl-anchored protein. Monosaccharides are denoted by symbols
(see legend) and are connected to each other in either a or B-linkage. The glycan
structures on glycoproteins (N- and O-linked), glycosaminoglycans and glycolipids
can be simpler or more complex than the ones shown. The O-glycan depicted has an
extended core 2 structure. The proteoglycan is decorated with three heparan
sulfate chains (top) and two chondroitin sulfate chains (bottom), sulfations are
omitted for simplicity. The two glycolipids are GM1 (left) and GM3 (right)
respectively.
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An intermediate carbohydrate structure early in the N-glycan synthesis,
participate in ER quality control of protein folding. Two glucose residues are
removed from the pre-assembled 14-saccharide N-glycan and the remaining
one-glucose glycan binds the membrane-bound chaperone calnexin (or its
soluble homolog calreticulin). If correctly folded, the glucosidase II (GII)
removes the last glucose (of the three present in the original 14-mer) and the
protein exits ER and proceeds to the Golgi apparatus. If not correctly folded,
after de-glucosylation by GII, the protein is recognized by the folding sensitive
UDP-Glucose:glycoprotein glucotransferase (UGT) and gets re-glucosidated,
whereafter it can re-associate with calnexin [g].

Most functions of N-glycans are, however, mediated after leaving the
secretory pathway, where they can promote or hinder interactions between
different molecules, and are thus implicated in the pivotal cell-cell
communication and cell-matrix interactions that complex systems, such as
organs and organisms, depend upon [2, 3]. By knocking out the Mgat1 gene in
mouse, synthesis of all complex N-glycans are aborted since its gene product,
GlcNAc-transferase I, is responsible for the addition of the first GIcNAc branch
in ‘hybrid’ type structures, which is absolutely required for the following
enzymatic steps leading to complex N-glycans. The Mgati” mice die during
early embryonic development and show defects in neural tube formation,
vascularization and left-right asymmetry of the body [10, 11]. In contrast to the
dramatic effect in mice, the Lect mutant of Chinese hamster ovary (CHO) cells
lacking a functional Mgat1 homologue grows normally in cell culture [12].
Apparently, complex N-glycans are not essential for cell viability whereas they
are of utmost importance in biological systems. Thus, experiments on cells in
culture greatly contribute to the understanding of some aspects of glycobiology,
but not others.

The largest number of genetic defects in glycosylation leading to human
disease involves N-linked glycosylation pathways, with most affected patients
(currently around 600) being diagnosed with a congenital disorder of
glycosylation, or CDG [13]. In CDG patients, hypoglycosylation (too few or
altered N-glycans on proteins) leads to a variety of symptoms affecting multiple
organ systems. Type I CDGs have a defect in the assembly or transfer of the
lipid-linked oligosaccharide precursor, which leads to unoccupied glycosylation
sites on multiple proteins. A patient with typical symptoms of CDG-Ia, the most
prevalent subtype of the CDGs, display severe psychomotor retardation,
seizures, underdeveloped brain and defect blood coagulation [14]. Although it
might be assumed that all CDG-I patients display similar phenotypes, this is not
the case and genotype-phenotype correlations are still elusive. Type II CDGs
involve defects in processing of the glycan after transfer to the protein acceptor,
e.g. fucosylation (CDG-IIc) and sialylation (CDG-IIf). Other disorders that are
not CDGs affect only specific pathways or cell types, including e.g. mistargeting
of lysosomal enzymes (in mucolipidosis II and III) and dysfunctional
erythropoiesis (in congenital dyserythropoietic anemia, CDA II). A few
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successful CDG-like mouse models exist, although null mutations of several of
the involved glycosylation enzymes lead to death early in development [13]. This
means that the CDGs are probably not due to complete enzyme deficits,
because such children would never have been born, but is rather partial.

Recent findings suggest that gain-of-glycosylation, i.e. glycosylation on novel
N-glycosylation sites caused by point mutations, might explain the pathological
findings seen in up to 1.4% of pathogenic missense mutations listed in a human
gene mutation database. For example, such a mutation was shown responsible
for the loss of function of the IFNyR2 in patients with increased susceptibility to
mycobacterial infections [15].

O-linked glycans

Protein glycosylation can also occur by covalent linkage of a GalNAc to the
hydroxyl group containing amino acids serine or threonine (Figure 1). To this
first monosaccharide a galactose is added in Pi-3 linkage creating the core 1
structure, GalP1-3GalNAc (T-antigen), which can be further sialylated (but
nothing more). For addition of core 2 (an additional GlcNAcf1-6 branch on the
Ser/Thr-coupled GalNAc residue), the unmodified core 1 is required. Core 2 can
be elongated in mono- or biantennary form, and contains often repeating units
of polylactosamines with terminal fucose and sialic acid. Similarly, addition of
GlcNACcP1-3 to the GalNAc on Ser/Thr (instead of the core 1 structure) generates
core 3, and an additional GIcNAcp1-6 (which resulted in core 2 when added to
the core 1 structure) is termed core 4. Both core 3 and core 4 can be elongated
and branched as described for core 2 [1, 3]. Core 2 is the most common in O-
glycosylation, but less prevalent structures such as core 5-7 etc. have been
observed [3].

O-glycans are present on many proteins, and sometimes in very large
amounts. This is the case with the highly glycosylated mucins, important as
protective barrier and lubricant e.g. throughout the gastrointestinal tract [16].
Another important function ascribed to O-glycans is the selectin dependent
extravasation of blood leukocytes, where binding to sialyl Lewis® epitopes
terminally located on core 2-branches are central in the interaction between
neutrophils and endothelial cells (reviewed in [17]). Further, the main clinical
features of disorders like CDG-IIc, with increased number of circulatory
leukocytes, and CGD-IIf, with giant and too few platelets in addition to a lower
number of neutrophils, are more likely caused by the absence of fucose and
sialic acid residues respectively on O-glycans rather than on N-glycans [13].
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Other monosaccharides can also be O-linked to Ser/Thr such as GlcNAc (as
in GlcNAcylation of nuclear and cytoplasmic proteins [5]), xylose (which will be
described below for glycosaminoglycans), fucose (in regulation of Notch
signaling [18]) and mannose [19]. O-mannosylation is important in development
of brain, nerves and muscle tissue and genetic disorders include muscular
dystrophies caused by lack of O-glycosylation of the muscle protein o-
dystroglycan (e.g. muscle-eye-brain disease, Walker-Warberg syndrome) [20].

Glycosaminoglycans

Glycosaminoglycans (GAGs) are linear chains of repeating disaccharides,
often highly sulfated, where the commonly used term proteoglycan refers to
GAG chains (of one or several types) attached to a protein (Figure 1). Synthesis
of all GAGs is characterized by chain initiation, polymerization and
modification. All three of heparan sulfate/heparin (with a repeating GlcNAc-
GlcA), chondroitin sulfate (GalNAc-GlcA) and dermatan sulfate (GalNAc-
IdoA) are linked to proteins via an O-linked xylose on Ser/Thr, while keratan
sulfate (a sulfated polylactosamine chain) is either O-linked (via GalNAc) or N-
linked (via asparagine). Proteoglycans with chondroitin sulfate and dermatan
sulfate are often found in extracellular matrix [1, 3], while heparan sulfate
proteoglycans are found on most cells functioning as co-receptors for growth
factors and in maintaining gradients of morphogen during development [21].
Patients with hereditary multiple exostosis (HME) display genetic effects in
either EXT1, EXT2 or EXT3, causing partial loss of these enzymes involved in
heparan sulfate synthesis. Aborted growth factor signaling, which normally
negatively regulate chondrocyte proliferation and maturation, is thought to
cause the characteristic boney outgrowths (exostoses) of HME [22].

Hyaluronan is the simplest of all GAGs lacking sulfations and with usually
104 repeating units of GlcNAcP1-3GlcAPi-4 (in contrast to the GlcNAcau-
4GlcABi-4 in heparan sulfate) generating high molecular weight polymers. In
contrast to all other GAGs, hyaluronan is not attached to proteins and its
synthesis takes place at the cell surface [3].

Glycolipids

The first step in glycosphingolipid synthesis is the attachment of Glc (or Gal)
to ceramide generating glucosyl (or galactosyl) ceramide, where glucosyl
ceramide can be extended to lactosyl ceramide by addition of Gal (GalB1-4Glec-
Cer). Further enzymatic steps generate glycolipids with shorter saccharide
structures (e.g. sialylated lactosyl ceramide, GM3, Figure 1) or longer ones (e.g.
GMia), where the extensions may or may not be similar to those on N- and O-
linked glycans. Glycolipids are divided into series depending on their core
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structures (e.g. lacto-, globo-, isoglobo-, muco- and ganglio-series). The term
ganglioside, however, is also used for glycolipids (of any series) with one or
several sialic acid residues [3]. Glycolipids are suggested to be present in
specialized membrane domains called ‘membrane rafts’ rich in cholesterol,
structures which are central in receptor organization and signaling. Although an
increasing number of studies support the existence of membrane rafts, it
remains a controversial issue [23].

Few diseases have been identified that affects glycolipid synthesis, however, a
loss-of-function of the sialyltransferse GM3 synthase have recently been
correlated to infantile-onset symptomatic epilepsy syndrome [24].

GPI-anchors

Glycophosphatidylinositol (GPI-) anchors consists of a phosphoetanolamine
structure (to which the protein is coupled), and a stretch of four saccharides (3
mannoses and one GlcN), which in turn are linked to the membrane
phospholipid phosphatidyl inositol (PI) (Figure 1). All share the same core, but
variability exist. For example, further membrane interaction may be conferred
by an added long-chain fatty acid. The GPI-precursor is assembled in the ER
membrane before C-terminal cleavage of a protein translated nearby and
transfer of this protein to the GPI-precursor. GPI-linked proteins are widely
expressed in animal tissues but their physiological roles are still elusive [3]. As
for glycolipids, they are suggested to reside in membrane rafts and affect
signaling [23].

No inherited genetic defects in GPI-anchor biosynthesis are known but
somatic mutations may occur in the gene PIGA, encoding a GlcNAc transferase
initiating the GPI-pathway. In this disease (paroxysmal nocturnal
haemoglobinuria, PNH), the offspring of abnormal multipotent haematopoietic
stem cells lacking GPI-anchored proteins become resistant to apoptosis and
dominate the population [13].

Deciphering the glyco code

The glycome can be defined as all glycan structures present in a cell, tissue or
an organism, such as a mouse or a human. Glycomics can be defined as an
approach to gain insight in the structure-function relationships of a glycome,
often by the combined effort of several integrated processes. The speed of
development of novel tools at the molecular, cellular, tissue and systemic level
has increased as compared with a few years ago [25], and will continue to
increase over the coming years. The construction and maintenance of large
comprehensible bioinformatic resources is also important, which can be used in

17



the search for ‘missing links’ in glycobiology [26]. The Consortium for
Functional Glycomics is one international collaborative initiative, among others
also established in Europe and Japan. The main challenges for glycomics ahead
are (i) explaining how glycan diversity is regulated and synthesized, (ii)
understanding the basis of specificity in protein-glycan interaction, and (iii)
elucidate how the plethora of glycans on a cell surface interact with proteins via
multivalent interactions affecting signaling and cell-cell communication [27].

Protein-glycan interactions are tools with which the body ‘deciphers’ the
intricate code held by glycan structures. The carbohydrate binding proteins
involved are named lectins and are, by definition, structurally distinct from
antibodies and do not exert enzymatic activity on the bound glycan. Based on
their structural characteristics they can be divided into groups, main classes are
P-type (e.g. Man-6-P-binding lectins), I-type (e.g. members of the
immunoglobulin superfamily as siglecs), C-type (requiring Ca*’, e.g. selectins)
and galectins (formerly S-type lectins) [28].
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Galectins — a little here, a little there

What is a galectin?

In 1853 Charcot and Robin observed crystals in tissues of a patient with
leukemia, and similar ones were reported in sputum of asthmatics by Leyden in
1873. Despite these early findings, it was not until more than a century later
(1993) the main constituent of these crystals was characterized as a lectin, and in
fact, as a galectin (galectin-10) [29]. The first galectin, however, was purified
from the electric organ of the electric eel (Electrophorus electricus) in 1975 [30],
and required free thiols (reducing conditions) for activity. Hence, this family
was first called S-type lectins [31], although most other members assigned to this
family did not require reducing conditions for activity. In 1994 the definition of
galectins was published to introduce a generally accepted (and unifying)
nomenclature, and states “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 determined by X-ray crystallography (Lobsanov et al. 1993).”
[32, 33]. Galectins are an ancient family found in phyla ranging from sponges to
vertebrates [34, 35], and about 15 mammalian galectins have been reported so
far.

Galectin structure

All galectins contain a carbohydrate recognition domain (CRD) through
which they interact with glycans. They are either of mono-CRD type: galectins-1,
-2, -3, -5, and -7; or bi-CRD type: galectins-4, -6, -8, -9, and -12 (Figure 2A).
Mono-CRD galectins (except galectin-3) are often referred to as prototype
galectins and bi-CRD galectins are called tandem repeat type. Despite the name
tandem repeat galectin, the two domains of bi-CRD galectins are as different as
two separate mono-CRD galectins. Galectin-3 is the sole chimera type galectin
and has an extended N-terminal domain rich in glycine and proline [36].

The around 135 amino acids (aa) of the CRD form two slightly bent B-sheets
on top of each other (B-sandwich), with 5 and 6 strands respectively (Figure 2B).
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A groove on the concave side holds the glycan of maximum four
monosaccharides length, each in a separate “sub-site” termed A-D (explained in
detail below). B-galactoside specificity is conferred by seven highly conserved aa
(in sites C and D) interacting directly with the glycan (Figure 2C), substitution
of one or several of these ‘galectin signature’ aa are thought to explain the lack
or very low B-galactoside binding by galectin-like proteins (galectin-10 (Charcot-
Leyden crystal protein, CLC), GRIFIN, PP13 (galectin-13), PPi3L (PP13 like
protein), OVGALu (galectin-15), and HSPCi59) [36]. These proteins could have
affinity for other glycans, e.g. galectin-i0 has been shown to interact with
mannose [37]. Aa surrounding the ‘galectin signature’ differ between the various
members and account for their individual fine specificities for both shorter and
longer saccharides [38].

A _ Asn Arg
C HI§ s“n AR :A,sn Glu Arg
Sy \‘ '/ S _,»"" P
HO O — " ,’, ‘\
HO® )
Lactose Hogowo &OH
(GalB1-4Glc) OH (o)
Trp OH
HO _oH
0 0 NHAc
LacNAc Hogéé&x/&\;2§f7%0H
B (GalB1-4GlcNAc) OH <o I_CI)

HO _OH
: 0 H,0H
Lacto-N-biose  Ho g&/y \% 2
(GalB1-3GlcNAc) OH AGHN OH

HO _OH OH
T-antigen 0 o %HZOH
(Galp1-3GaiNAc) 1O
OHAGHN" gy

Figure 2 Galectin structure and B-galactosides. A) Schematic representation of mono-
and bi-CRD galectins. Galectin-1 is shown as a non-covalent homodimer, and galectin-3,
with its additional non-CRD domain, and galectin-8, with two distinct CRDs connected
through a flexible linker, as monomers. B) Molecular model of a galectin CRD. The two -
sheets (light and dark gray) on top of each other form a groove where the glycan is
bound. Core sites C and D interact with the B-galactoside itself while sites A and B
interact with extensions at the non-reducing end (to the left of the disaccharides
depicted in C). Site E is the area to the right of site D, and interacts with whatever the
glycan is connected to (lipid, protein or other saccharides). C) Close up of bound lactose.
The interactions between the galectin signature aa and the saccharide are shown by
dashed lines, except for tryptophane which is stacked against the galactose ring. Variant

B-galactosides are shown below. 20



Post-translational modifications, subcellular

distribution, and non-classical secretion

Galectins are produced on ribosomes free in the cytoplasm and have an
acetylated N-terminus, features typical of cytosolic proteins. Galectin-3 can be
phosphorylated but no other post-translational modifications have been
reported. None of the galectins have transmembrane domains, and they are
found as soluble proteins in the cytosol, nucleus or extracellular space, or
attached to surfaces (like the plasma membrane) via interaction with glycans.
However, galectin-g is the sole galectin proposed to adopt a strikingly different
arrangement of its CRDs, traversing the membrane 4 times, and, in this
conformation, function as a lactose regulated urate channel [39, 40].

To reach the extracellular space, galectins are secreted through a non-
classical (non-ER-Golgi) pathway due to lack of signal sequence [36]. Several
different mechanisms for unconventional secretion exist. Budding of membrane
could be either direct of the plasma membrane (exovesicles) or indirect in the
limiting membrane of a mulitvesicular body (creating a vesicle inside the
vesicle). Similarly, protein translocation over a membrane can be direct over the
plasma membrane (into the extracellular space) or indirect into an endosomal
vesicle carrying the protein to the exterior [41]. Budding have been suggested for
both galectin-1 and -3 [42] but recent reports indicate glycan-dependent direct
translocation of galectin-1 over a membrane [41, 43]. In addition, galectin-3 has
been shown to accumulate in LPH (lactase-phlorizin hydrolase)-containing
outbound vesicles, sorting these vesicle to the apical surface of the cell [44]. This
could be the first example of unconventional secretion of galectins via direct
translocation into an endosomal vesicle. The exact mechanisms remain to be
elucidated, and are likely to vary depending on cell type, galectin(s) and ligands
present in the cell.

Multivalency and oligomerization

Many lectins have been found to use multivalent interactions to increase
affinity for the generally weak carbohydrate-protein interactions between
lectins and their ligands [45, 46]. Galectins are no exceptions and are thought to
exert their functions by ligand crosslinking. Several mono-CRD galectins have
been shown to dimerize [33, 47] or even form higher multimers upon ligand
encounter [48]. Galectin-1 addition induces segregation of CD43/CD7 and
CD45/CD3 glycoprotein receptors on the surface of MOLT-4 cells, receptors
involved in the T-cell death induced by galectin-1 [49]. Likewise, galectin-3
crosslinks cell surface receptors and form a robust lattice on neutrophils,
visualized by fluorescent resonance energy transfer (FRET); lattice formation
was dependent on the non-lectin domain (N-terminal part) of galectin-3 and
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was suggested to mediate the effects of galectin-3 on neutrophil function [50].
Similarly, galectin-3 lattice formation on the surface of T-cells is suggested to
regulate T-cell receptor responsiveness and endocytosis of cytokine receptors

[51, 52].

Bi-CRD galectins are naturally bivalent and have until recently not been
reported to oligomerize. However, in the beginning of 2007, Miyanishi et al.
showed that galectin-g interacted with itself, galectin-3 and -8, but not galectin-
1. The effect was dependent on the CRD since presence of lactose interrupted
the interaction. However, it was rather a protein-protein interaction than a
protein-carbohydrate interaction since the galectins used were produced in
bacteria and devoid of glycan post-translational modifications [53].

Galectin function

Galectins have been implicated in a wide variety of functions under normal as
well as pathophysiological conditions. Since galectins can be found in most
cellular compartments and outside cells, effects are mediated both
extracellularly and intracellularly [54] (Table 1). General cellular functions
include cell adhesion (to another cell or to the matrix) [55, 56], host-pathogen
interaction [57], induction of cell signaling [58], cell growth [59], and induction
or inhibition of apoptosis [60-62]. The above mentioned effects make galectins
efficient regulators of the immune system [61, 62] and modulators of tumor
progression [63].

For recent reviews on the biology and multiple functions of the most extensively
studied members, galectin-1 and -3, see [64] and [65].

Despite the many seemingly important functions of galectins, no overall
biological role has yet emerged. Further, knock-out mice lacking galectin-1 and -
3 are both healthy and fertile under animal house conditions (including the
double knock out), although subtle defects are revealed when studied more in
detail [66]. However, an emerging number of recent reports illustrate their
contribution in pathological conditions, making them useful targets in medical
interventions. For example, endothelial-expressed galectin-1 was found to be
essential for tumor angiogenesis and is a target for tumor angiogenesis therapy
[67]. Increased levels of galectin-3 in lung fibrosis patients were suggested to
regulate fibrogenesis by activation of fibroblasts [68], an effect simultaneously
shown to mediate liver fibrosis [69]. In addition, galectin-1 seems required for
normal adult stem cell proliferation, a function which might be utilized for
innovative therapies for human disease [70].
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Galectin functions are highly dependent on the glycans displayed by a cell
combined with the specificity for such glycans by the galectin. Hence, one way
to gain better understanding of the galectins is to study their fine specificities
and try to link them with their induced functions.

Table 1 Expression and functions of mammalian galectins and galectin-like proteins.

Galectin Tissue expression Proposed Function
1 Ubiquitous Cell growth, cell migration, cell
differentiation, cell death, nerve
development, RNA splicing [64, 67, 70]
2 Gastrointestinal tract Leukotriene a secretion, T-cell
apoptosis [71, 72]
3 Ubiquitous Cell growth, cell differentiation, cell
adhesion, inflammation, RNA splicing,
fibrosis, vesicular sorting [44, 65, 68]
4 Gastrointestinal tract Membrane stability, raft organization,
vesicular sorting, T-cell activation [73-
76]
5 (rat) Fairly ubiquitous ?[77]
6 (mouse) Gastrointestinal tract, ? [78]
kidney, spleen, liver, heart
7 Stratified and Cell death, corneal wound healing,
pseudostratified epithelia  tumor progression [79]
8 Ubiquitous Cell adhesion, cell growth, neutrophil
modulator, tumor antigen [56, 80]
9 Leukocytes, liver, small Eosinophil activation, cell
intestine, thymus, lung, differentiation, cell death, cell
spleen, kidney, cardiac and adhesion, urate transport [39, 40, 81]
skeletal muscle
10 (CLC) Eosinophils ? [82]
GRIFN Lens ? [83]
12 Adipocytes Cell death , growth regulation [84-86]
PP13 Placenta, fetal liver, spleen  Immunobiology functions [87]
14 (sheep) Eosinophils Allergic inflammation [88]
Ovgalll Uterus ? [89]
(sheep)
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Galectin-8

Discovery of galectin-8

In 1995, galectin-8 was first isolated from a rat liver cDNA library screened
with an antibody against insulin receptor substrate-1 (IRS-1) [go]. The fortuitous
interaction was probably caused by unspecific recognition of glycosylations on
the antibody, since the found protein had no homology whatsoever to IRS-1.
Shortly thereafter, a human homologue was identified as a prostate carcinoma
tumor antigen, and named PCTA-1 [91, 92], almost in parallel with identification
of a lung cancer antigen detected by the monoclonal antibody (mAb) Po66 [93].
Both these proteins showed homology to the rat galectin-8 and to each other.
The lung cancer antigen was initially termed Po66-carbohydrate binding
protein (CBP), which later was changed to galectin-8.

These initial studies characterized a protein with two CRDs joined through a
linker peptide, lacking both signal sequence and transmembrane domain. The
CRDs showed 38% aa identity to each other and ~40% identity to other
galectins. In addition, this ubiquitously expressed protein (both in rat and
human tissues) was present in several isoforms originating from splice variants
of the gene [90, 91, 93].

Galectin-8 isoforms

Galectin-8 and galectin-9 are bi-CRD galectins found in several isoforms due
to alternative splicing (and for galectin-9 multiple genes), resulting in proteins
with linkers differing in linker length or linker aa content [94-96]. In a lung
carcinoma cell line, several mRNAs were detected which corresponded to five
theoretical proteins isoforms, whereof two were full length galectin-8 proteins
(with both N- and C-CRD and a linker of either ~30 aa or ~30 + ~43 aa) and
three were truncated (containing only the N-terminal CRD and a part of the
linker) [94]. Human prostate cancer cell lines also showed multiple mRNAs,
however, no transcripts coded for truncated proteins [g91]. No correlation
between individual isoform transcripts and cell stage could be made as most
tissues (normal and tumoral) express them to various degrees [91, 93, 94],
although in many tissues the shortest variant (the one with around 30 aa linker)
seemed more abundant [91]. Accessory number Oo0214 in the NCBI protein
databank lists 3 protein isoforms where one is of short type (~30 aa linker) and
two have the longer linker of around 70 aa. The aa sequence in the insertional
40 aa part differ between the two longer proteins. Until today, presence of
isoforms in tissues has mostly been shown by mRNA studies. A few reports
using Western Blots, where two separate protein bands are visible, have been
published [97, 98]. No immunohistochemistry or flow cytometry has been
performed since isoform-specific galectin-8 antibodies are not available.
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The function of the multiple isoforms of galectin-8 and -9 remain unknown.
The galectin-g linkers (short, medium or long) are sensitive to proteases such as
thrombin [99], elastase, or matrix metalloproteinase-3 (MMP-3), but barely
trypsin [100]. Galectin-8 with short linker was efficiently cleaved by trypsin and
elastase, but not with MMP-3 [100]. In addition, a long linker galectin-8 was also
an efficient substrate for thrombin [9g]. Generation of linker-deficient proteins
rendered them resistant to protease cleavage, while their potency to mediate
biological functions such as eosinophil chemoattraction (Gal-9), apoptosis of T-
cells (Gal-9), and neutrophil adhesion (Gal-8) were unaffected or even increased
[100]. Sensitivity to protease cleavage may be a regulatory mechanism on the
effects mediated by galectins-8 and -9 as several biological activities requires
both CRDs [101, 102](Fig. 5, Paper I).

Galectin-8 expression in normal tissues and cancer

Various approaches have been used to compare the galectin-8 expression in
different normal, embryonic and tumor tissues, both at the RNA level [91-94]
and protein level [93, 103-107]. Galectin-8 is probably the most ubiquitously
expressed galectin in the body as well as in human cancers, although the
expression in embryonic tissues is low [108]. In a panel of 61 tumor cell lines, 59
were positive for galectin-8 [109], which was the highest score among the 7
human galectins tested (galectin-1, -2, -3, -4, -7, -8, -9). A similar approach
conducted by us in collaboration with Michael McGuckin at Mater Medical
Research Institute, Brisbane, Australia, on a panel of tumor cells isolated
directly from the primary tumor of patients with ovarian carcinoma (25
samples) or cells enriched from peritoneal fluid (26 samples) showed similar
results (Table 2, unpublished data). However, in this study several galectins
including galectin-1, -3, and -9 were also ubiquitous, exemplifying the fact that
one cell often expresses several different galectins. The somewhat conflicting
results from various methods in determining the presence of galectin-8 in
tissues, together with lack of trend (increase or decrease of galectin-8
expression) during tumorigenesis, shows the difficulty in determining a precise
role of galectin-8 in cancer [108, 110].

The intracellular localization of galectin-8 is in the cytosol of cells [91-93], but
galectin-8 is also readily seen at the plasma membrane [80, 91, 92] as a result of
unconventional secretion by the cells [92, 98]. Occasionally galectin-8 is also
seen in the nucleus [94].

Discovery of galectin-8 in humans as two separate tumor antigens provided a
possibility for clinical use of galectin-8 in individual cases. Po66 was developed
in an attempt to obtain lung squamous cell carcinoma reactive antibodies,
which could be radiolabeled and used in tumor imaging and treatment. In this
respect Po66 development was a success, and positive trial experiments were
performed on both mice and man [111-117]. However, the absence of publications
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during recent years makes it unlikely that this antibody reached clinical use yet.
Although galectin-8 (or PCTA-1) was thought to be specifically expressed on
prostate tumors, both mRNA and protein have been detected in normal prostate
too [108], and this antigen is not used as a tumor marker. The location of the
galectin-8 gene on chromosome 1q42-43 predisposed galectin-8 as a possible
candidate gene for early-onset prostate cancer [u8], but detailed analysis
performed a few years later showed that this was not the case [119].

Table 2 Expression of galectin mRNA in ovarian carcinoma®.

Band intensity (%of 51 samples)

No signal + ++ +++ ++++
Galectin-1 4 25 37 16 18
Galectin-2 25 25 8 4 37
Galectin-3 0 6 12 10 73
Galectin-4 35 43 16 4 2
Galectin-7 27 22 12 4 35
Galectin-8 L 4 24 29 16 27
Galectin-8 S 2 25 20 16 37
Galectin-9 L 2 4 22 29 43
Galectin-9 S 0 2 4 8 86
Galectin-12 33 33 10 6 18

a) Galectin RT-PCR on mRNA extracted from ovarian carcinoma tumor cells (primary tumor
or cells in the peritoneral fluid). The intensity of bands was measured densitometrically and
classified as: 0 No signal; + Weak intensity; ++ Moderate intensity; +++ Strong intensity; ++++
Very strong intensity. The table lists % of samples in each class, total number of samples is
51.

Galectin-8 in adhesion of cells

Galectin-8 is a matricellular protein with both inhibitory and stimulatory
effects on cell adhesion. In the presence of serum, soluble galectin-8 added to
Hi299 and other cell lines inhibited their adhesion to non-coated plates. In
addition, galectin-8 coated on a surface also inhibited attachment of cells in the
presence of serum. These effects were shown to be mediated by a CRD-
dependent interaction with integrins o3/f1 and «6/f1, but not a4/B3 [98]. In
contrast, when cells were let to adhere to a galectin-8 coated surface in the
absence of serum, galectin-8 promoted cell adhesion and cell migration, in part
mediated by integrin o3/f1. Co-coating the plates with serum decreased
adhesion, and although fibronectin is a galectin-8 serum ligand, it had rather a
promoting than inhibitory effect on cell adhesion when co-coated on plates
[101]. Further studies showed that after adhesion to galectin-8, cells had less
stress fibers and focal adhesion contacts as compared with cells adhered on
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fibronectin, in addition, they had also increased number of cell sprouting
(lamellipodia) and microspike formation (short individual projections of F-
actin). The cellular signaling induced upon binding to integrins and adhesion on
galectin-8 involved sustained activation of several intracellular pathways, all
initiated by autophosphorylation of focal adhesion kinase (FAK); (i) increased
phosphorylation of p130“* (ii) recruitment of PI3K and activation of Ras which
leads to phosphorylation of ERK 1/2, and (iii) recruitment of PI3K, activation of
PKB and increased phosphorylation of p7o S6 kinase (p70S6 K). Inhibition of
the central PI3K significantly inhibited the typical microspike formation [101,
120].

Coating of galectin-8 to plates was also recently shown to promote adhesion
and spreading of the activated Jurkat T-cells and peripheral blood mononuclear
cells [121]. Surface coated galectin-8 engaged mainly Jurkat osf1 integrins, but
also ocuf1 and o3f1 (but not a2Pr or agqPi), and lead to activation of the
PI3K/MAPK pathway (with phosphorylation of ERK1/2) in parallel to activation
of Raci. These signals lead to cytoskeletal rearrangements and cell spreading,
and Jurkat cells display a polarized phenotype with many lamellipodia
protrusions and occasional filopodia when adhered on galectin-8. Further,
Carcamo et al. showed that autoantibodies found in patients with systemic
lupus erythematosus (SLE) functionally blocked galectin-8 mediated adhesion,
the first discovery of galectin function-blocking antibodies with possible
implications in both normal and pathological immune reactions [121].

Galectin-8 in cell growth and apoptosis

Galectin-8 can affect both cell growth and cell death (apoptosis) in cells [98,
122]. Cells transfected to overexpress galectin-8 (intracellularly) soon die, if they
do not have a growth advantage by also overexpression of insulin receptor,
which may override the growth-inhibitory effects [122]. In addition,
extracellularly added galectin-8 in high concentration also induces growth
arrest in several cell lines (4 out of 5 tested). This effect is mediated by an
increase of the cyclin-dependent kinase inhibitor p21 (waf1) through activation
of both the PI3K/PKB pathway, as well as SEK/JNK pathway [122].

Presence of serum is decisive whether or not galectin-8 induces apoptosis [98,
122]. Soluble galectin-8 added to lung cancer cells in a serum free milieu induces
apoptosis; but this effect is not seen in presence of serum [98].
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Galectin-8 modulates neutrophil migration and function

Neutrophils are important effector cells whose extravasation from blood into
injured tissues is crucial in innate immunity. Adhesion of neutrophils could be
induced by addition of soluble galectin-8, interacting in part via its C-CRD
binding to integrin oM [80]. Further, galectin-8, and in particular the N-
terminal CRD of galectin-8, interacts with a precursor of an enzyme used to
degrade extracellular matrix called pro-matrix metalloproteinase-9 (proMMP-
9). For this enzyme to be in its active form it needs to be cleaved by another
enzyme, MMP-3. Galectin-8 was shown to affect this process by recruiting
MMP-3 and act as a catalysator in its processing of pro-MMP-9 to MMP-g [80].
Taken together, both these effects can thus modulate the extravasation of
neutrophils in vivo.

Following extravasation, neutrophils eat (phagocytose) and kill bacteria and
other infectious agents in part by producing reactive oxygen species (oxidative
burst), a process elicited by intact galectin-8, showed both by Nishi et al. [80]
and us (Fig.5, paper I). In contrast to Nishi et al., who could detect O,
production with both intact galectin-8 and a mutant galectin-8 with only a
functional C-CRD, we did not see any stimulation of oxidative burst by either
domain separately, but only with two intact variants (with either a ~30 aa linker
or ~70 aa one) (Fig. 5, paper I). The discrepancy in our results may come from
different techniques used in measuring the oxygen radical production and/or
different approaches in construction of the mutant variants of one functional
CRD galectins (point mutation vs. truncation).
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Objectives

The aim of this thesis has been to increase the understanding for one of the
most wide spread, but still largely unknown, galectin members - galectin-8. By
investigation of the carbohydrate preference of each CRD, and detailed studies
on how this preference was built, we wanted to provide a basis for how galectin
fine specificity is achieved. As a next step, we wanted to relate this fine
specificity to physiological events, like cell surface binding and induction of
cellular signaling, to gain insight into how galectin glycan preference provides
the means for functional selectivity, despite the presence of a glycan plethora on
a cell surface.
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Galectin-carbohydrate interactions

Specificity — a key to biological function

A galectin’s biological function is based on its interactions with ligands, and
hence, affinity measurement is one of the keys to its understanding. Several
methods have been used to determine galectin fine specificities over the years.
Isothermal titration microcalorimetry (ITC) has been employed for some of the
galectin members (galectins-1, -3 and -7, reviewed in [123]), and is considered an
ideal binding assay since no chemical modification of either binding partner is
needed. However, it requires high amounts of both ligand and protein,
concentrations at which many galectins tend to aggregate and precipitate. The
method is also unpractical for screening of large number of compounds. Most
other methods involve attachment of either the galectin to a surface, or a
reporter (such as a fluorescent tag) to the ligand, which both have a possibility
of affecting the functionality of the interaction. A selection of methods to
measure affinity will be described below and their relation to galectin-8
specificity analysis by us and others.

Frontal affinity chromatography

The most comprehensive study on galectin specificity was made by
Hirabayashi et al. using a method called frontal affinity chromatography (FAC),
with which they investigated the affinity of 13 different galectins or galectin-
CRDs against 41 pyridylaminated (PA-) oligosaccharides [38]. The ‘reinforced
FAC used was a further improvement of the method developed by Kasai and
Ishii in 1975, and was faster, simpler, and more sensitive as compared to the
original [124]. It is suitable for analysis of several different types of interactions,
including protein-saccharide ones. In principle, the method measures how
much a fluorescently labeled saccharide is retarded when flowed at constant
concentration over a column with immobilized galectin. By comparing the
elution volume of the ligand (graphically determined by plotting fluorescence
intensity against retention time) to the corresponding volume for a non-binding
ligand, the affinity in terms of dissociation constant (Ky) can be calculated. The
main drawback with this method is that both the galectin and the sugar are
chemically modified. The effect of immobilizing the galectin to a surface is hard
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to evaluate, but could possibly affect binding by steric hindrance and/or
crosslinking, e.g. when the galectin binds larger saccharides. Pyridylamination,
involves opening of the reducing end sugar [38], which has been shown to
decrease binding to galectins [125]. This effect is only seen when the saccharide
is short (2-4 units) and the reducing end sugar participates in binding to the
galectin core binding site.

FAC affinity measurements confirmed the general property of galectins that
no substitutions on Gal 4OH or 6'OH, or Glc(NAc) 3(4)’OH, in GalPi-
3(4)Glc(NAc) are tolerated. Galectin-8 was one of the galectins which bound
well to glycolipid derived saccharides like GM3 (NeuAcoz-3Galpi-4Glc, 3'SA-
Lac), GDia (NeuAcoz2-3GalPi-3GalNAci-4(NeuAcoz-3)Galpi-4Glc), LNF-III
(GalP1-4(Fucou-2)GlcNAcP1-3GalPi-4Glc), and A-hexa (GalNAcaoz-3(Fucoa-
2)GalP1-3GlcNAcP1-3GalPi-4Glc), and to polylactosamines like LacNAcs
(LacNAcB1-3)5 (for Ky-values see Table 3). Both CRDs were included in the
analysis as separate proteins and it was obvious that the N-CRD mediated
affinity to 3'SA-Lac, GD1a, and LNF-III while the C-CRD preferred A-hexa. The
strongest interactions for the N-CRD (to GDia and 3’SA-Lac) were 0.5 and 0.62
MM respectively, and 1.6 pM (to A-hexa) by the C-CRD. Lactose did not bind
particularly well to galectin-8, although a K4 of ~130 pM was estimated for the
N-CRD, but as mentioned above the affinity could have been decreased by
opening of the Glc ring. For further details of galectin-8 binding affinities, and
the affinities for the other galectins tested, please refer to Hirabayashi et al. in
ref [38].

Although FAC analysis is a powerful tool in giving an overview of the
specificity of a specific lectin towards a panel of glycans, the method lacks
precise structural information of each interaction. Taken into account that most
saccharides tested in the experiment described above contains 3-6
monosaccharides, and numerous of those have 2 potential B-galactoside binding
sites where the disaccharide at the reducing end has an opened ring, it is hard to
say which of the epitopes is really conferring binding. For example, is the strong
binding of galectin-8 N-CRD to GDi1a requiring the full length tetrasaccharide
with two sialylations, or is the N-CRD just binding to the terminal disaccharide
(Galp1-3GalNAc) having one sialylation? The above mentioned reason, in
addition to the possible error in affinity value towards di- and trisaccharides,
makes FAC insufficient for detailed mapping of galectin fine specificity.
However, an automated screening based on this method capable of screening
100 lectins against 100 saccharides [126] will still be a great contribution to
galectin profiling.
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Table 3 Affinity constants (uM) for the galectin-8 N- and C-CRD?.

FAC SPR FP — direct FP — inhibition
N C N C N C N
Lac 130 - 79 440 1.7 50-150 90
3’SA-Lac 0.62 - 2.7 190 0.05 - 0.68
3’Su-Lac ND ND 1.9 >1000 ND ND ND
LNnT 7.6 52 13 57 0.33 16 12.2
LNF-I1I 1.6 100 3.3 84 0.24 20 ND
A hexa® / tetra® A2 1.6 280° 12> 50-150°  8.9° ND

a) FAC, frontal affinity chromatography [38]; SPR, surface plasmon resonance [127];
and FP (Table I, paper |) either direct or by inhibition. ND — not determined

Enzyme linked lectin assay and Surface plasmon

resonance

Both enzyme-linked lectin assay (ELLA) and surface plasmon resonance (SPR,
BIAcore) measurements involve attachment of one of the interacting partners to
a surface. In ELLA (or ELISA) the carbohydrate is often coated at the bottom of
wells, and added lectin which has bound to the carbohydrate, is detected with
an enzyme (either conjugated to the lectin itself or to secondary antibodies).
Read signal intensity (conversion of enzyme substrate) is plotted against lectin
concentration and a nonlinear curve fitting of the data points permits
estimation of relative affinity constants. ELLA has e.g. been used to determine
the carbohydrate specificity for galectin-1 [128] and galectin-8, the latter in
combination with SPR [127].

Almost every biomolecular interaction can be studied by SPR, including its
kinetics. Therefore, not only equilibrium binding data but also rate constants for
the association and dissociation can be determined. Biosensors convert changes
in mass close to the surface into a signal, and the greater the mass change the
stronger the signal. In the case of galectin-glycan interactions, either the
galectin or the saccharide is coated on the surface, using the other one as
soluble analyte. Inhibition experiments can also be performed in which a carrier
molecule (e.g. asialofetuin) is coated to the surface to which the galectin is
allowed to bind. The ligand of interest (the saccharide inhibitor) is thereafter
flowed past the bound galectin and dissociates the galectin-asialofetuin
complex. Inhibition experiments require no modification of any of the studied
binding partners.

SPR was used by Ideo and co-workers to study the specificity and affinity of
galectin-8 to a panel of 22 saccharides including disaccharides (e.g. lactose,
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LacNAc and Galpi-3GalNAc (T-antigen)) and longer saccharides with up to six
monomers [127]. The affinities were comparable with those previously
determined by FAC (Table 3). Their results also showed a preference for both
3'SA-Lac (K4 of 2.7 pM) and 3’sulfated Lac (SO5-3Lac, K4 of 1.9 uM), a binding
which was attributed to glutamine 47 (Glng7, Q47) in the N-terminal domain.
Interestingly, glycolipids containing either an 3'SA or 3’sulfate bound even
stronger to the N-CRD than the separate saccharides, with Kys in the low
nanomolar range (from 7.1 nM for SM3 (SO;-3GalB1-4Glcpi-1Cer to 37 nM for
snLc4Cer (NeusAcoz-3GalPi-4GlcNAcB1-3GalBi1-4Glcfi-1Cer). Adhesion of CHO
cells and affinity experiments suggested that galectin-8 binds both sialylated
glycolipids (GM3) and glycoproteins on their cell surface [127].

Fluorescence polarization

Fluorescence polarization assay (FP) measures affinity in solution for a range
of molecular interactions and is a simple, fast, inexpensive and sensitive
method. Its microtiter plate format makes it suitable for high-throughput
screening, and it can be used for kinetics or equilibrium constants. The big
advantage of FP is that is does not require separation of bound and non-bound
phases [129].

FP is based on the observation from 1926 that fluorescently labeled molecules
emit polarized light if they are excited with polarized light [129]. However,
during the time from excitation to emission (around 4 ns for fluorescein), the
probe in solution (a fluorescently labeled saccharide in our case) have time to
rotate thus causing a depolarization. Degree of depolarization is dependent on
the size; smaller molecules tumble a lot faster than larger ones, and, therefore,
cause more depolarization. The drastic difference in depolarization when the
probe is bound to a much larger molecule (the galectin), as compared to when it
is free in solution, correlate directly with the ratio of free/bound probe.
Polarization is measured as polarization (P) or anisotropy (A), the latter being
simpler mathematically and the term used in this thesis [130]. A detailed
description of the principles of FP is given by [131].

The curve obtained in direct binding by plotting anisotropy against galectin
concentration, starts with unbound probe (A,) and increases towards a
maximum value corresponding to bound probe (A,.,) (Figure 3). The position of
the curve along the X-axis reflects the affinity, with Ky being approximately the
concentration where half maximal binding is reached, and the shape indicate
binding complexity (e.g. multiple binding sites). A,.x reflects the tumbling of
the complex as a whole and is dependent on the size, temperature and viscosity
of the solution. However, movement of the fluorescein moiety independently of
the rest of the complex, called segmental motions or propeller effects, decreases
the A,.x value. Hence, the A,. also reflects the local environment of the
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fluorescein, and can be used to determine how a saccharide is bound to the
galectin [130] (paper I).

FP can also be used for inhibition experiments, in which a formed complex
between the galectin and a probe is dissociated by an inhibitory saccharide. The
K, for the inhibitor can be calculated from each data point, as described in [130].

We used FP to determine the specificity of galectin-8 and its separate CRDs,
towards a panel of 23 naturally occurring glycans. For a complete list of
determined affinities and A,,-values please refer to Table I in paper I. Our
results were specificitywise in accordance with the two previously published
reports, but the calculated affinities were about 10 times stronger (Table 3). By
comparing the affinities towards glycans from direct binding to their equivalent
glycan in inhibition experiments (using non-labeled saccharides) we concluded
that the increase in affinity was due to interactions with the fluorescein-linker
part (Table 3, paper I).
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Figure 3 Fluorescence polarization curves. Binding of the galectin-8 N-CRD to the three
sialylated probes 3’-Lac (m) , 3’SA-LacNAc (¥), and 3’SA-Lacto-N-biose (®) are depicted
by plotting the anisotropy against galectin concentration. All curves start at a value
where no probe is bound, Ay, and increases with galectin concentration to a value
where all probe is bound, A.... Propeller effects, or independent movements of the
fluorescein moiety separate from the rest of the complex, decreases A,.x, as seen for
3’SA-LacNAc and 3’SA-Lacto-N-biose. K4 is approximately equal to the concentration
where half-maximal binding is reached.



Taken together, four methods (including glycan array discussed below)
clearly show the difference in specificity between the two CRDs of galectin-8,
with an outstandingly strong monovalent affinity for 3’SA- and 3’sulfated lactose
of the N-CRD (Table I, paper I) [38, 127], uncommon for protein-carbohydrate
interactions [132]. Most saccharides tested had an affinity of 1-10 uM for the N-
CRD and 10-100 pM for the C-CRD. Based on the results from FP we have taken
analysis of binding one step further and explained how the sub-micromolar
affinities can be achieved.

Glycan array

Microarray techniques enable analysis of a large complement of genes or
proteins in parallel, and have since 2002 included glycans [133, 134]. They hold
the promise to revolutionize several fields, e.g. cancer by identifying tumor
subclasses and specific genes for diagnosis and treatment [134], and glycobiology
by profiling lectin binding specificities and presence of glycan-recognizing
antibodies in serum [133], to mention a few. Although the ideal glycan
microarray would contain the glycome of a whole organism, difficulties in
production of certain glycosidic linkages limit the number of glycans available.
Several glycan array formats exist where the mode of attachment of the glycan
(covalent or non-covalent) to the solid support is the main difference [133]. The
Consortium for Functional Glycomics (www.functionalglycomics.org) have
glycan arrays where amino-linker coupled carbohydrates are printed and
covalently bound (via amide bonds) to glass microscope slides. The current
version holds 285 glycan targets, each present in 6 independent spots. A
fluorescently labeled lectin is incubated with the chip and is after washing
analyzed in a scanner for fluorescence intensities [135]. Secondary labeling via
antibodies can also be used. Representative members of various lectin families
have been successfully analyzed including C-type lectins, siglecs, galectins, anti-
glycan antibodies and viral and bacterial lectins [78, 135] (paper I). There are
also promising initial attempts where bacterial and even eukaryotic cells have
been bound to arrays [133].

Glycan arrays are excellent in the initial screening determining glycan
specificity for a certain lectin. In combination with other methods, like FP
which can provide the details of a specific interaction (affinity and mode of
binding), comprehensive mapping of fine specificities can be accomplished.
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Other assays

Previously, other assays were commonly used to determine galectin
specificity and affinity. Thin layer chromatography overlay assay were used to
study specificity of galectin towards glycolipids and neoglycolipids (glycans not
normally found on glycolipids which have been chemically linked to a lipid).
The lipids were immobilized on silica chromatograms and later incubated with
lectin and detected with radiolabeled antibodies [136].

The earliest assays (1970’s and 1980’s) were usually based on inhibition of
lectin binding to particles, detected as hemagglutination of e.g. rabbit red blood
cells or binding of radiolabeled lectin to asialofetuin-sepharose. The inhibitory
potency of a panel of soluble saccharides provided relative affinities [137-139].

Galectin fine specificity is built by weak interactions

to multiple subsites

A galectin CRD can be seen as having five different subsites, A-E, where sites
C and D holds the core B-galactoside (Figure 2B and C). Most of the ‘galectin
signature’ aa are found in site C where multiple hydrogen bonds and a van der
Waal interaction tightly interacts with the galactose residue. Remaining
‘galectin signature’ aa interacts with the Glc(NAc) in site D, although not as
tightly as for Gal [33, 140]. The transition from free to bound state for the
molecule A, when it interacts with a protein, costs energy. This energy cost is
mainly due to the loss of entropy upon forming a complex, as two particles
become one [141, 142]. For an interaction to be detected by affinity
measurements, the energy needs to be large enough to both ‘pay the cost’ of this
entropy loss and contribute to the interaction itself. This can be described in
terms of Gibbs free energy by the formula AGA = AGAin+AGAig4, where the
energy promoting the interaction is AGA;, and the cost is AGAiz;q. However,
when the molecule (A) is elongated by a fragment, B (exemplified by Glc added
to Gal in lactose), the ‘cost’ has already been paid for by the first interaction
(with A), and B only contributes with energy that enhances the interaction itself
(AGB;nt) [141, 142]. Therefore, fragments with very weak, not even measurable,
affinities by themselves, can have very significant effects on affinity when added
to another already bound moiety.

Such an analysis correlates well with the properties of galectins for which
only one monosaccharide has a measurable affinity, namely galactose in site C
bound via the multiple interactions described above (K4 is ~5 mM for galectin-8
N-CRD), apparently enough to ‘pay’ the entropy loss. Additional
monosaccharides, interacting with fewer aa in sites D, B and A do not have to
pay entropy loss again, and will therefore enhance binding about 10-100 fold
each, increasing affinity to e.g. 50 nM as seen for 3'SA-Lac by galectin-8 N-CRD
(Table II, Paper I). Interactions outside the proper binding groove may also
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contribute substantially to affinity by analogous arguments, exemplified by the
10 fold increase in affinity for probes used in FP. Here, the fluorescein-linker
part is thought to interact with a loosely defined area outside the proper binding
groove called site E (Figure 2B). It's not unlikely that the continued
oligosaccharide chain, lipid part of a glycolipid [127], or the protein part of a
glycoprotein [143, 144], can affect affinity of galectins, also in vivo. Since several
proteins and lipids produced by a cell can bear similar glycan structures, a
modulation of affinity by the protein or lipid part might provide the selective
means needed for engagement of specific receptors only.

FP Anax-values and molecular modeling of the galectin-8 N-CRD helped us to
further understand the wide range of affinities displayed by this domain. As
explained above, the A.,-value reflects the local environment of the fluorescein
(exemplified by the curves in Figure 3). Therefore, saccharides which had an
Apax-value similar to short glycans with only one binding site (e.g. lactose and
3'SA-Lac) were suggested to bind the disaccharide closest to the fluorescein-
linker (marked bold in Table I, paper I) in sites C-D. This enabled us to
determine which of the two possible B-galactosides present in longer glycans
(e.g. LNnT (GalP1-4GlcNAcPi1-3Galpi-4Glc) and LNF-III) bound in site C-D. If
the outer B-galactoside would have been bound (as for GM1, Table I paper I), the
Anmax-value would decrease due to elongation of the linker by the extra lactose
residue and increased mobility of the fluorescein moiety. The model built of
galectin-8 N-CRD in complex with LNnT, did not only show that the LNnT
tetrasaccharide indeed could fit in the galectin-8 CRD, but also that tyrosine 141,
situated in site A, could be important for binding. Aborting this presumptive
stacking interaction by mutation of the tyrosine to a serine, significantly
decreased affinity (Table III, paper I). A similar model with liganded 3’SA-Lac
suggested that an interaction is formed between the sialic acid carboxylic acid
and the two B-site aa R45 and Q47. This could explain the decreased affinities
seen for the Q47A-mutants made by Ideo et al. [127] and us (Table III, paper I).

Galectin-8 binding ligands on a surface

The almost 300 glycans present on the glycan array both confirmed and
broadened the specificity profile for the two CRDs of galectin-8 (Fig. 2, paper I).
The glycans that bound the N-CRD the best all contained o2-3-sialylation or
3'sulfation. In addition to the sialic acid NeusAc, both NeusGc and KDN were
equally well tolerated, as well as NeusAco2-8 elongations. This tolerability was
explained by modeling where the s5-position of the sialic acid clearly was
directed outwards from the galectin into the solution. Array data also showed a
promiscuous behavior towards the precise type of the core -galactoside (Lac =
GalP1-3GlcNAc = Galpi-3GalNAc > LacNAc) (Figure 2C), and if the Glc(NAc) or
GalNAc in site D was 6’sulfated or not. The weaker affinity of the C-CRD to
most saccharides shown by affinity measurements (FAC, SPR and FP) could
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explain the fewer glycans bound on the glycan array. Low signal intensity is in
addition due to lower specific fluorescent labeling, but could also be an effect of
washing as discussed below. The best ligands contained the A-determinant
(GalNAccua-3(Fucoa-2)Gal-), and a few others the B-determinant (Galea-3(Fuccu-
2)Gal-) (Fig. 2, paper I).

A routine approach in glycan array analysis is to create multivalency for
lectins to withstand subsequent wash steps [135], a characteristic supposedly not
fulfilled by our separate domains and a possible explanation to the lower
binding observed with domains only. The recently suggested effect of protein-
protein interaction of galectin-g with itself and other galectins was shown to
mainly be mediated by its N-CRD [53]. If this would be the case also for
galectin-8, it could explain the stronger binding of the N-CRD over the C-CRD
to the array. Cell surface binding experiments with domains analyzed by flow
cytometry, however, do not support that washing should decrease the signal on
the array (unpublished data).

Specificity of intact galectin-8 in solution vs. at a

surface

The two CRDs in intact galectin-8 appear to act independently of each other
in solution, as the specificity of the intact galectin-8 in FP was the sum of that
for each CRD (Table I, paper I). Moreover, the potency of lactose to inhibit
binding of an N- or C-CRD specific probe was the same as with each CRD
separately (not shown). On the array, however, the two domains acted
synergistically, and several glycans not binding either domain by itself bound
intact galectin-8 (short or long isoform) strongly (Fig. 2, paper I). Such glycans
had at least two repeated [-galactosides and ‘sub-unit’ multivalency with the
bivalent galectin could explain such an effect [140]. The dramatic effect of
multivalency seen for intact galectin-8 on the array could also be expected to be
seen for the bi-CRD mouse galectin-4 in a similar analysis [78], which, however,
was not the case. The concentrations used for galectin-4 in this assay were
rather low (0.07 uM to 1 pM), and if they were increased to the level used with
galectin-8 (0.7-1.2 pM for test at low concentration and 3.5-6 pM for high) both
multivalent synergistic effects and a broader range of specificity for the two
CRDs could be expected.
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Fine specificity in cell surface binding

Multivalency may enhance affinity of lectins

Multivalency is frequently seen in nature to enhance binding strength for the
often weak ligand-glycan interactions with Kgs between 1-1000 pM (38, 132, 140].
A linear increase in ligand valency can generate exponential increase of affinity
to its receptor [132, 145]. The C-type lectin, hepatic asialoglycoprotein receptor
with function to endocytose desialylated glycoproteins from the blood (having
exposed Gal/GalNAc), is an excellent example of such a correlation. The
smallest functional unit of this lectin consists of three monomers bundled
together in a trimer with a precise intramolecular spacing of the binding sites to
perfectly fit the three branches common to N-linked glycans. If ligand valency of
a synthetic inhibitor (with spacing that matches the lectin subunits) increases
from one terminal galactose, to two, to three the affinity can increase from
millimolar, to micromolar to nanomolar [145, 146]. The addition of a fourth
galactose, however, had little effect [146]. From this experiment and others it is
clear that spacing is of utmost importance in multivalent interactions [145-149].
In a perfect fit, the affinity of each partaking interaction is multiplied with each
other (as for asialogycoprotein receptor where millimolar x millimolar x
millimolar equals nanomolar) [145]. However, in a non-perfect fit, a
conformation can be reached through adjustments of the subunits (ligand or
lectin) so the interaction can take place anyway. Since such movements cost
energy, the resulting affinity (and glycosidic cluster effect) is not maximal [145].
Sterically fit dendrimers have high enough affinity to E. coli produced shiga
toxin to be able to rescue mice from its lethal effects [148, 149], and pose as new
potent therapeutics.

Galectin-8 affinity to a cell surface

Synergistic effects are seen when one of the interaction partners is displayed
in a multivalent fashion on a surface, e.g. the repeating units of glycan on the
array, or glycoconjugates on a cell surface. Indeed, the synergistic effect of intact
galectin-8 (both long and short linker) was not only seen to the array but also
upon binding to cells. Strong binding was found at low concentration (0.2 pM)
(Fig. 3A, paper I), but no binding of the separate CRDs. Further, increasing the
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amount of added galectin-8, the binding to cells increased linearly (Fig. 4A,
paper I). To get a measure of the cell surface affinity which can correlate to
such synergistic binding, we compared an experimentally determined lactose
inhibition curve with several theoretical ones. The possibility of galectin-8
binding only to high affinity (~10 nM) receptors present on the cell surface in
large amounts was ruled out due to completely different shapes and locations of
the curves. However, a theoretical curve corresponding to receptors with an
average affinity of ~50 nM (and ~15 million of them) was close to the
experimentally determined curves for both galectin-8s (long or short linker)
(Fig. 4B, paper I). Considering the glycosidic cluster effect discussed above, it’s
clear that a reasonable bad fit (low cluster effect) of two moderate or even low
affinity glycans bound by the domains (e.g. ~10 pM for the N-CRD and 50 pM for
the C-CRD) suffice to generate a cell surface affinity of 50 nM. Thus, high
affinity binding by intact galectin-8 to a cell surface does not require the best
ligands for either CRD. By analogous analysis, cell surface affinity of either CRD
was estimated at K4 above 200 nM (and for most ligands above 1 pM) and can
thus be explained by the monovalent affinities measured in solution.

CHO cell mutants, tools in determining specificity to

cells

As reviewed in the introduction, all cells display a great variety of glycans on
their cell surface, built by the collection of glycosyltransferases present in each
cell. Over the years, many laboratories have isolated stable glycosylation-
defective cell lines [150], with one of the largest collection of mutants on the
background of Chinese hamster ovary (CHO) cells [151]. These CHO mutants
have been selected for their resistance to toxic plant lectins (such as wheat germ
agglutinin, ricin, and leukoagglutinin from Phaseolus Vulgaris), a resistance
which arises from altered display of cell surface carbohydrates (to which the
toxic lectin cannot bind). Also non-toxic lectins or carbohydrate specific
antibodies can be used in the selection if they are coupled to a toxic subunit e.g.
ricin A chain, or in combination with complement to induce toxic effects [150].
The glycosylation of the mutants has been thoroughly investigated and lectin-
resistance phenotypes have been characterized. In most cases the genetic
mutation has also been determined, and is either of loss-of-function (mutants
named Lec) or gain-of-function type (mutants named LEC). Most mutations
affect N- and O-glycosylation, but glycolipids, glycosaminoglycans, and GPI-
anchors can also be defective. Depending on which glycosylation related
enzyme is affected, the effect can be of more general type (affecting N-linked
glycans, O-linked glycans, and glycolipids, e.g. Lec2, Lec8) or more restricted
(affecting only a specific branch of an N-glycosylation e.g. Lec4, LEC10) [151].
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Glycosylation defective cell mutants have not only been useful in cloning and
characterization of glycosylation genes but have also contributed to more
functional aspects of glycobiology [151]. Mutants have been the basis for
identification of new CDG subgroups [152], evaluation of the role of glycans in
Notch-signaling [153], or identification of O-mannose requirement on o-
dystroglycan for virus entry [154], to mention a few. The mutants are also useful
in the study of lectin specificity in a natural environment (paper II). For
comprehensive listing of the glycosylation mutants in CHO to date, please refer
to [151].

Parental CHO glycosylation

CHO cells have many N-glycans, mainly of the ‘complex’ and ‘high mannose’
type, and few ‘hybrid’ structures [155]. Several species of O-glycans are also
present; mucin type with up to four monosaccharides without core 2 structures
[156], O-fucose [157], O-glucose [157], and O-mannose [158], in addition to a few
polysialic acid containing glycoproteins [159]. The major glycolipid is GM3
(NeusAcoz-3GalP1-3Glcp-Cer) [160, 161], and CHO cells also produce
glycosaminoglycans (heparan sulfate and chondroitin sulfate) [162]. CHO cells
express no or very little glycosyltransferases that transfer cu-2, ca-3, or ou-4
linked fucose [163], a2-6-SA [156], or bisecting GlcNAc [164]. They also lack all
glycan sulfations due to lack of sulfotransferases [165], except for those found in
the glycosaminoglycans [162].

Galectin-8 fine specificity is not required for binding

to cell surfaces

CHO cell mutants provide a variety of glycosylation profiles in their natural
(and more complex) context; as part of various glycoproteins and -lipids on the
membrane, and presented together in a mixture. This is an essential
complement to the biochemical studies of binding specificity describes earlier.
In our study, binding of 6 FITC-labeled galectins and galectin CRDs to a
selection of 12 mutants (Figure 4 and Table I, paper II) were analyzed using flow
cytometry. The effect of glycosylation was estimated by comparing the
geometric mean of fluorescence for each galectin with its binding to wild type
cells. This thesis will only discuss the specificity of galectin-8 (long and short
isoform) and its two CRDs, for binding of galectins-1 and -3 to CHO cell mutants
please refer to paper II.
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Figure 4 CHO glycosylation mutants. Illustration of the various glycosylation mutants
tested with galectins-1, -3 and -8 in paper Il. The effect on N-glycans (left) and various O-
linked glycans (right: top, mucin type; center, O-fucosylation; bottom, O-mannosylation)
are shown. Double-headed arrow marks gain of sugar residue while —| marks loss or
reduction of sugar residues. The main form of glycolipid on CHO cells, GM3, is affected in
mutants defect in transport or synthesis of CMP-SA (Lec2) or UDP-Gal (Lec8). The amino
acids bearing the glycan are denoted with their one-letter code.
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Parent CHO cells bound both isoforms of galectin-8 (long linker, G8L, and
short linker, G8S, ~0.3 pM) and the N-CRD (G8N, ~0.6 M) well enough for
comparisons with mutants, although G8N binding was only moderate as
compared to the strong binding of G8S and -L. Binding of the C-CRD (G8C, ~0.6
M) did not result in a high enough signal to be investigated further (Fig. 1,
paper II). As expected, no galectins bound the surface of Lec8 cells (deficient in
a Golgi UDP-Gal transporter), completely lacking galactose at the cell surface.
Lack of sialylations (on both glycoproteins and glycolipids) as in the CMP-SA
transporter deficient Lec2, would be expected to have a profound effect on
galectin-8 binding, seeing that a2-3sialic acids is the by far best ligand for the N-
CRD (see above). Hardly any effect was seen, however, on binding of intact G8S
or G8L to Lecz cells (Fig. 2, paper II), despite the fact that the binding of G8N
was reduced to background level. A similar effect was seen after neuraminidase
treatment of Ug37 cells (removing either «2-3SA only or SA in all common SA-
linkages) (Fig. 3, paper I). Binding of G8C increased to neuraminidase treated
cells (an effect observed also with CHO cells), which is in accordance with the
preference for non-sialylated saccharides by G8C determined by both FP and
glycan array. Although binding of intact galectin-8 to cells did not require cell
surface sialylation, presence of hybrid and/or complex N-glycans were required.
Lec1 cells, which lack such glycans due to mutation in the Mgat1 gene, showed
no binding of intact galetin-8. Interestingly, despite the lack of N-glycans, G8N
bound Lec1 with unaffected strength. These results suggest that normal levels of
non-affected glycoconjugates, such as the glycolipid GM3 or sialylated O-
glycans, are sufficient to mediate binding of G8N (Fig. 2, paper II). A high
affinity binding to GM3 has been shown by Ideo and colleagues [127].

Core fucosylation (a fucose on the first asparagine-linked GlcNAc in N-
glycans) had little effect on galectin-8 binding. Increased number of ou-3-
fucosylation slightly decreased binding when expressed internally on
polyLacNAc residues (-GalP1-4(Fucou-3)GlcNAc-) or terminally as sialyl-Lewis®
epitopes (sLe*, SAa2-3GalP1-4(Fucou-3)GlcNAc-) (Fig. 3, paper II) (mutations are
depicted in Figure 4). Altered N-glycan branching had various effects on
galectin-8. While removal of the upper pi-6-branch on N-glycans on Lecy cells
(Mgats deletion leads to loss of GlcNAc-transferase V activity) did not alter G8S
or -L, it increased binding of G8N somewhat. Introduction of a bisecting
GlcNAc (in LEC10) slightly decreased binding for all G8s, while an extra GlcNAc
on the core Bi1-4mannose (in LEC14) increased binding of G8L slightly. Both G8S
and G8L also increased binding a little to N-glycans with an extra a/p1-6-linked
GlcNAc on its core GlcNAcs (LEC18, Fig. 4, paper II).
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Cell surface binding experiments with CHO glycosylation mutants showed
that N-glycans are essential for cell binding of intact galectin-8s (G8S and -L),
demonstrated by the lost binding to Leci cells, in spite of the unaltered binding
of G8N to these cells (Fig. 2, paper II). CHO cell experiments also confirmed the
N-CRD specificity to az-3-sialylated structures such as NeusAcoz-3Lac as found
in the glycolipid GM3 and NeusAco2-3Galp1-3GalNAc as found in core 1
structures of O-linked glycans, although they also showed that such high
affinity binding is not essential for synergistic binding of intact galectin-8 to
occur. This fact is best illustrated by the unaltered (and strong) binding of intact
galectin-8 to Lec2, a cell which did not bind the N-CRD, and only weakly bound
the C-CRD at the concentrations tested (Fig. 2, paper II). In addition, lactose
inhibition experiments of neuraminidase treated cells showed no difference in
galectin-8 cell surface affinity as compared to non-treated cells (Fig. 4B, paper
I). Taken together, these data argues that cell surface binding specificity of
galectin-8 is rather broad, and is not dependent on the fine specificity of the
separate CRDs.
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Cellular effects of
protein-carbohydrate interactions

The finding that cell surface binding of galectin-8 was rather broad, and not
dependent on the unique preference of the N-CRD to sialylated and sulfated
glycans, was in one way somewhat disappointing, but mostly puzzling. Why has
nature bothered to preserve this specific galectin-8 feature all those years, at
least since we diverged from our frog ancestor (see below) if it does not serve a
function? The answer to the question is, of course, that there is a reason for its
preservation; we have just not figured it out yet! We continued our investigation
by testing the effect of galectin-8 on two different cellular responses which are
elicited upon cell surface receptor engagement: neutrophil activation and
endocytosis.

No altered activation of neutrophils by G8S Q47A

As mentioned in the introduction, neutrophil oxidative burst is pivotal for
neutrophil function in innate immunity, and is a response elicited by intact
galectin-8 [80] (Fig. 5, paper I). G8S and G8L induced release of reactive oxygen
species both extracellularly (by activation of NADPH-oxidase sitting in the
plasma membrane) and intracellularly (by activation of NADPH-oxidase in the
membranes of specific granules) in LPS or TNF-a primed neutrophils. For the
extracellular response, G8S was the more potent of the two galectins inducing a
larger release of O, at lower concentration. For the intracellular response,
however, there was no difference between the two isoforms. To test if the
galectin-8 effect was mainly mediated via receptors bearing o2-3-linked sialic
acid, we tested a mutant of G8S with drastically decreased affinity for 3’'SA and
3'sulfate (G8S Q47A, [127], Table III, paper I). There was not much difference in
neutrophil activation between G8S and the mutant, although the mutant might
have been slightly less potent in the extracellular response (Fig. 5C, paper I). In
addition, lactose inhibition of the response did not differ at all between them,
suggesting that there was no major difference in affinity of the cell surface
receptors involved either. In conclusion, the fine specificity of galectin-8 for o2-
3-SA is of minor importance in activation of oxidative burst in primed
neutrophils.
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Endocytosis

For an organism to function as an entity, a constant communication between
all cells is indispensible. The plasma membrane of each cell has a very central
role in this communication, functioning as a ‘switchboard’ in receiving, sorting,
and re-directing all incoming signals. Endocytosis, or cell uptake, is a very
common cell response to extracellular stimuli, with functions in uptake of
nutrients, growth factor signaling, regulation of surface receptors, and antigen
presentation amongst others [166, 167]. Endocytosis can be divided into cell
eating (phagocytosis) and cell drinking (pinocytosis) [166]. Phagocytosis of
particles, such as bacteria or cell remnants, is restricted to a few specialized cell
types including neutrophils, monocytes, and macrophages. The process can be
illustrated by a zipper, for example in neutrophils where actin-driven cell
protrusions enclose the particle and then fuse with the plasma membrane,
resulting in particle uptake without simultaneous uptake of extracellular fluid
[166, 167]. Complement coated particles are, in contrast, internalized in the
absence of membrane protrusions, although also in the ‘zipper-like’ way [167].
Pinocytosis, on the other hand, is uptake of extracellular fluid in large amounts
(macropinocytosis) or small amounts (micropinocytosis). The micropinocytosis
can be further divided into several pathways; clathrin mediated endocytosis,
caveolae-dependent endocytosis, and clathrin- and caveolae-independent
endocytosis. The stimulus and/or the cell membrane receptor to which it
interacts is the main regulator of which pathway is taken [166, 167], however, a
single stimulus can induce signaling through more than one pathway. This has
been shown for the epidermal growth factor (EGF) receptor which is
internalized almost exclusively via clathrin-coated pits at low ligand
concentrations (1.5 ng/ml), while a clathrin-independent and cholesterol-
sensitive pathway mediates internalization at high ligand concentrations (20
ng/ml) [168]. The latter pathway also correlates with EGF receptor mono-
ubiquitination. Similarly, transforming growth factor (TGF) B can be
internalized via either clathrin-coated pits or caveolae. The various endocytic
routes used for TGFp elicit distinct signals leading to propagation of the signal
(clathrin) or to receptor degradation (caveolae) [169]. Despite the highly specific
effects mediated upon receptor engagement and activation of a certain pinocytic
event, several cellular mechanisms are shared between the pathways, and cargo
(endocytosed ligand) from one way of entry can end up in the same endosomal
compartment as cargo from another [170]. The actin cytoskeleton, membrane
rafts, and dynamin are three examples of commonly used ‘molecular
machinery’. Thus, inhibition of an isolated pathway can in many cases be a
difficult task [167].

Below is a short description of the four pinocytic events listed above. Due to

the central role of membrane rafts in signaling and endocytosis, they are
described in a fifth paragraph.
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Membrane ruffles and macropinocytosis

Macropinocytosis occurs in most cells, although more constitutively in
certain cell types, such as dendritic cells and macrophages, than in others [167,
171]. Membrane ruffling is intimately linked to formation of the large (1-5 pm),
irregular vesicles called macropinosomes, which is the resulting structure
formed when membrane protrusions collapse upon and fuse with the plasma
membrane. Although seemingly uncontrolled, ruffling and macropinocytosis is
highly regulated events induced by growth factors and phorbol esters [166, 171].
Platelet derived growth factor (PDGF)-induced activation of the small GTPase
Raci and its downstream effectors pzi1-activated kinase (PAK) and
phosphoinositid 3-kinase (PI3K), is one example of signals rearranging the actin
cytoskeleton, and hence affects the formation of ruffles [166, 167, 171]. In
addition, cholesterol is essential for membrane localization of activated Raci
[172], which makes macropinocytosis a process sensitive for cholesterol
depletion and actin disrupting agents such as cytochalasins [167, 170, 172].
Another commonly used drug to target this bulk uptake mechanism is amiloride
(and derivatives), which acidifies the cytosol as a result of Na*/H* pump
inhibition [171, 173]. Most endocytic routes require dynamin to separate the
budding vesicle from the plasma membrane [170]. Although macropinocytosis
does not involve dynamin, a novel alternative fission machinery with C-terminal
binding protein-3/brefeldin A-ribosylated substrate (CtBP3/BARS) in a key
position was recently proposed to be active in fluid phase uptake of
fluorescently labeled dextran [174].

Macropinocytosis leads to the internalization of significant volumes of
extracellular fluid together with large areas of membranes. Besides a role in
downregulation of signaling molecules and receptors, macropinocytosis has an
immune modulatory role by dendritic cell ingestion and display of antigenic
peptides on MHC class I and II [167, 171]. Also some bacteria have been found to
use the ‘spacious phagocytosis’ of macropinocytosis as a point of entry into cells
[167].

Clathrin-mediated endocytosis

Clathrin mediated endocytosis (CME) is the best understood of the endocytic
pathways and occurs constitutively in all mammalian cells. It provides a basis
for numerous essential cellular activities such as nutritional uptake (of e.g.
cholesterol-loaded LDL or iron-loaded transferrin), modulation of signaling (via
regulation of available cell surface receptors), and cell homeostasis (by
regulation of membrane channels responsible for small molecule- and ion-
uptake). Its role in synaptic vesicle recycling has fundamental impact on the
function of the nerve system, including behavior and memory [166, 175]. CME is
a complex process which requires a remarkable level of choreography of
numerous participating proteins, both temporally and spatially [176]. In short,
the process can be described by (i) assembly of coated pits, (ii) invagination of
the membrane, (iii) separation of the budding vesicle from the membrane
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(fission), and (iv) movement of the formed endosome to its intracellular
destination [166]. Extracellular receptor ligation initiates the formation of the
‘coated pit’, where the three-legged protein clathrin starts to assemble at the site
of adaptor protein complex (APs) on the cytoplasmic side of the membrane.
Adaptor protein complexes are heterotetramers with two large subunits (y/fs,
o/B2, 8/B3 and €/B4 in APs 1-4 respectively), a medium p-subunit (1-4) and a
small o-subunit (1-4). While the a-& subunit targets the complex to a subcellular
location (e.g. the plasma membrane for AP-2 with its a-subunit), the p-domain
recognizes a sorting motif on cytoplasmic tail of the liganded receptor and is
responsible for its binding and concentration in the forming pit [166, 177].
Membrane curvature and subsequent fission is accomplished by a combined
effort of a number of accessory proteins. Clathrin, amphiphysin, Epsi5 and epsin
are a few participants in the formation of the vesicle interacting with each other
and with the plasma membrane. The fission machinery includes several
additional proteins (e.g. cortactin, N-WASP, Arp2/3, syndapin) responsible for
interaction with the actin cytoskeleton and for the fission-event itself [176, 177].
The GTPase dynamin forms a ‘collar’ around the neck of the forming vesicle and
is required for separation of the vesicle from the membrane. The exact details of
how this is accomplished are not known, the main contemporary theories
suggest either a ‘pinching off’ mechanism, in which dynamin constricts the neck
until the two separates, or a ‘popping’ mechanism, in which the spiral-formed
dynamin functions as a molecular spring [166]. Interaction with a dynamic actin
cytoskeleton plays a major role in CME, and drugs both stabilizing and
disassembling actin inhibits endocytosis. Besides the essential contacts required
during fission, a role for actin in the organization/initiation of the endocytic
site, as well as in the movement of the formed endosome to the intracellular ‘rail
road’ of microtubili, have also been suggested [176]. Approaches used to inhibit
CME include more specific ones, such as dominant negative forms of Epsi5 and
inhibitors of the assembly of AP-2 complex (e.g. the antipsychotic drug
chlorpromazine) [178], as well as broader endocytic targeting using dominant
negative forms of dynamin or actin destabilizing drugs. CME is also sensitive to
acidification of the cytoplasm.

Membrane rafts

The existence of plasma membrane domains with functions in sorting and
signaling has been debated from when they were first suggested in the 1980’s
[179] until today [180]. Although most researchers agree that a lateral
heterogeneity is a requirement in the function of biological membranes, the
proposed domain’s small size (below the physical limit of detection of most
techniques), and highly dynamic appearance has prohibited emergence of
compelling evidence for the ‘true nature’ of these important structures [181]. The
complexity of the field has been (and still is) great and the views describing
these raft domains are many. Therefore, a definition was generated by the
participants of the 2006 Keystone Symposia on Lipid Rafts: “Membrane rafts are
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small (10-200 nm), heterogeneous, highly dynamic, sterol- and sphingolipid-
enriched domains that compartmentalize cellular processes. Small rafts can
sometimes be stabilized to form larger platforms through protein-protein and
protein-lipid interactions.” [182]. Glycans are tightly connected with membrane
rafts through their enrichment in glycosphingolipids and GPI-anchored proteins
[170]. The formerly used term ‘lipid raft’ was abandoned to reflect the complex
network of lipid and protein interactions that together are the driving force in
the formation of rafts, and not the sole effort of lipid physical properties as
previously believed [182]. It is also important to remember that artificial
membranes, on which many raft studies have been performed, are quite
different from biological membranes, mainly due to the high density of proteins
(30-32,000 per pm?) in biological membranes which allows only a few rings of
lipids between each transmembrane protein [181]. This is in contrast to the
simplified picture of a raft floating in a ‘sea’ of lipids in many articles. Further,
the formerly used method of detergent resistance to identify rafts and
constituents thereof was considered misleading, since extraction of lipids bring
spatially unrelated components together in a non-physiological way [181, 182].
The field of rafts has been moving towards a shell-hypothesis where small
clusters of proteins (<10 nm), surrounded by a ‘shell’ of cholesterol and
sphingolipids, are free moving entities in the plane of the membrane able to
target membrane rafts or be triggered to aggregate by external influences [181,
183]. Such a model would give raft signaling high efficiency and a large dynamic
range, enabling control of formation of large platforms and thresholding of
signals [184]. Examples of large platforms are the immunological synapse and
the intestinal brush border membrane [182].

Rafts are implicated in a number of signaling events and sorting of membrane
proteins [184]. Cholesterol depletion, by treatment with agents such as methyl-
B-cyclodextrin, is commonly used to indicate raft dependency. However, as rafts
are key structures in the aggregation of signaling molecules all endocytic
pathways are sensitive to cholesterol depletion, from macropinocytosis and
CME to clathrin and caveolae-independent pathways [170]. Cholesterol
depletion has also been shown to decrease the membrane content of
phosphatidylinositol-4,5-biphosphate (PI(4,5)P2), with the consequence of a
globally upset actin cytoskeleton regulation instead of a local inhibitory effect
[185]. Therefore, cholesterol may be required for lateral membrane mobility and
protein aggregation in general, rather than specifically for formation of
membrane rafts.

Caveolae and endocytosis

Although caveolae is frequently mentioned as a route of cell internalization,
and in most cases as the (only) raft mediated pathway [186], the physiological
role of caveolae is still under debate [187, 188]. Caveolae is one of several raft
subpopulations mediating cellular effects, but emerging data questions its role
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as endocytic carrier in the favor for more efficient raft-mediated uptake
mechanisms functioning in parallel (e.g. CME and others described under
clathrin- and caveolae-independent endocytosis) [182, 187, 188]. Caveolae are
abundant structures in the membranes of adipocytes, endothelial cells,
fibroblasts and smooth muscle cells, whereas they are absent in other cell types
e.g. lymphocytes. Their dysfunction has been associated with human disease as
breast cancer and muscular disorders [188]. Caveolae are flask-shaped, coated,
cell membrane invaginations, 60-80 nm in diameter, found either as single
entities or in branched clusters [188, 189]. Caveolin is the main constituent of
the coat and is a horse-shoe shaped protein with a membrane-interacting ‘loop’
and two cytoplasmic terminals. Caveolin interacts directly with cholesterol in
cholesterol/sphingolipid enriched rafts (located on the outer leaflet of the
plasma membrane), and membrane cholesterol depletion flattens caveolae [170,
188]. Although depletion of cholesterol is frequently used to show involvement
of caveolae in endocytic and signaling events, this method is rather non-specific,
as discussed above. Caveolae are highly stable structures intimately connected
with the actin cytoskeleton and have very little lateral movement [187, 188].
Their turnover is suggested to be negatively regulated by caveolin rather than
promoted [170, 187, 190], and only a small fraction of caveolae are thought to
bypass this restriction and pinch off as a vesicle (in a dynamin dependent way).
Internalization can be triggered by bacterial toxins or viruses binding to the
glycolipid GM1, however, both cholera toxin and SV4o0 viruses have alternative
routes of internalization [187]. The signals regulating caveolae are presently
unknown, although phosphorylation/dephosphorylation and the balance
between caveolin and glycolipids have been suggested [170, 187].

Caveolae have been linked to cell signaling in numerous papers, of which
most should be regarded with some skepticism due to the difficulty to
satisfactory prove that signaling molecules really reside in caveolae. Despite this
caveat, caveolae are required for activity of endothelial nitric-oxide synthase
(eNOS), and important for cholesterol trafficking and lipid regulation; in vivo
studies have indicated caveolae as a sensor of flow in blood vessels, and in
muscle cells mechanosensing [188].

Clathrin- and caveolae-independent endocytosis

The most unknown mechanisms of cell internalization are the ones (two or
more) independent of both clathrin and caveolae. These CLICs (CLathrin
Independent Carriers) display a dependence on a selection of the machinery
shared with other pathways, and an independence on yet other participants
[170]. Membrane rafts play a central role as most (if not all) are sensitive to
cholesterol depletion/sequestration [189, 191-193]. Classic markers for rafts are
the GPI-anchored proteins, of which the folate receptor (FR), decay-
accelerating-factor (DAF), and GPI-GFP were internalized in a clathrin/caveolae
independent, dynamin independent but Rho GTPase (cdcg2 but not RhoA)
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regulated way [192]. Other molecules taken up into cells in a dynamin
independent way are cholera toxin and HIV-1 [189, 193]. Both GPI-anchored
proteins and cholera toxin were targeted to a novel compartment named GEEC
(GPI-anchored protein Enriched Early endosomal Compartments) by
Sabharanjak and coworkers, distinct from the regular early endosomal
compartment in CME [189, 192]. Fluid-phase markers (e.g. dextran) were also
co-localizing in these tubular/ring shaped structures lacking Rabs, a molecule
normally characterizing CME early endosomes. Although CLIC and CME differ
during the early intracellular trafficking, both co-localize during later stages e.g.
when GPI-anchored proteins and transferrin (another CME-marker) both are
found in recycling endosomes [192].

Interleukin 2 and its receptor is another example of an endocytosis
mechanism independent of both clathrin and caveolae. However, the cellular
machinery mediating this uptake is in contrast to the above mentioned
examples dependent on dynamin [191], which also uptake of the cytokine
receptor subunit yc is [194]. It is very likely that CLICs are interacting with
and/or are dependent on the actin cytoskeleton, just like CME and the other
endocytic pathways, although it has not been shown for most of them. yc, for
example, required interaction with actin through a protein found in the clathrin
machinery, cortactin (but not intersectin, syndapin or mAbp1). Interaction was
mediated through the cortactin Arp3-binding domain and was the first report
showing a link between and clathrin independent endocytosis and actin
dynamics [194].

Fine specificity of galectin-8 determines intracellular

targeting

Endocytosis experiments with galectin-8 clearly showed that this galectin was
taken up into various cell types in a temperature dependent manner, as
analyzed by confocal microscopy and flow cytometry (Fig.1 and Fig.2, paper III).
Cell surface affinity seemed to be a determinant of how much galectin was
internalized since it regulates the amount of galectin that bind the surface.
Thus, fairly similar amounts of internalized galectins could be observed by flow
cytometry when various amounts of galectin-8 proteins were added (G8S, o.5
uM; G8L, 0.5 pM; G8N, 5 uM; G8C, 5 uM), which all aimed at generating a
strong cell surface binding. The slight uptake of FITC-labeled thioredoxin (a
protein all galectin-8 variants are fused with to increase their solubility)
indicated a low degree of non-receptor mediated endocytosis working in
parallel, as this protein does not bind to cells (not shown, paper I).

In an attempt to determine the underlying mechanism of this endocytosis we
treated cells with four different drugs prior to incubation with galectin-8. Drugs
tested were methyl-B-cyclodextrin (to remove cholesterol), amiloride (to inhibit
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macropinocytosis), chlorpromazine (to inhibit CME), and cytochalasin D (to
inhibit actin rearrangements), which are broad acting drugs inhibiting several
endocytic pathways (see above). However, (and slightly surprising) neither of
the drugs inhibited intracellular accumulation of galectin-8 (Fig. 3, paper III),
even if some grossly affected overall cell morphology. Hence, no conclusions can
be drawn of what pathways are responsible for galectin-8 uptake and further
studies using more specific tools are required to dissect the molecular
machinery mediating this effect.

Most interestingly, despite the fact that galectin-8 binds highly similarly to
cell surfaces with or without o2-3-linked sialic acid, this fine specificity
determines the intracellular targeting of endocytosed galectin-8. Incubating G8S
with wild type (wt) CHO cells (i.e. parental CHO for 30 minutes) resulted in a
pattern where galectin-8 was found in intracellular vesicles and in a perinuclear
structure, as well as on the cell surface (Fig. 1, paper III). In contrast, incubating
G8S with the CHO mutant Lec2 (lacking all sialylations), resulted in no cell
surface stain and all galectin-8 resided in evenly distributed cytoplasmic
vesicles. The surface distribution of G8S in wt CHO could be a result of a
recycling event, in which endocytosed galectin gets redirected to the plasma
membrane after internalization. A defect recycling route in Lec2 could be one
explanation for the difference in intracellular distribution observed between the
two cells. The G8S mutant with decreased binding to sialic acid (G8S Q47A, see
above, [127], paper I) showed that this, however, was not the case. The highly
similar cell distribution of G8S Q47A in wt CHO cells as for G8S in Lec2
(intracellular vesicles in addition to plasma membrane staining) clearly showed
that the «2-3 sialic acid is responsible for the intracellular targeting of G8S.
Moreover, the mutant showed that other cell surface receptors without sialic
acid, in complex with a galectin preferring them (G8S Q47A, see below), could
direct endocytosed protein into the recycling route since it gave a similar
pattern with Lec2 cells as G8S did with wt CHO cells (Fig. 1, paper III). The
increased affinity of G8S Q47A for GlcNAc-extended glycans (as GlcNAcpi-
3GalP1-4Glc, or LNnT) (Table I, paper III), in addition to altered glycan
structures on Lec2 bearing such terminals can explain this effect. Further
studies are needed to pinpoint the exact glycan structures responsible.

Endocytosis experiments using galectin-3 only partially overlapped with the
intracellular distribution of galectin-8 (Fig. 1B, paper III). For example, galectin-
3 is not at all visible at the cell surface, and resides entirely in intracellular
structures, where it colocalizes with galectin-8 mainly in the perinuclear
compartment but not in intracellular vesicles. Galectin-3 uptake into Lecz2 was
largely decreased and effect of sialylation on its endocytosis could not be
evaluated. This data further strengthen the relationship between galectin fine
specificity and intracellular targeting.
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Concluding Remarks

Galectins, as one of the largest families of glycan-deciphering lectins known
today, are increasingly reported in various normal and pathological conditions.
However, there is a lack of understanding in how the separate members, each
with a distinct profile of preferred glycans, are mediating their effects. Presented
in this thesis are data which connects the characteristic fine specificity of
galectin-8 with its effects on cell surface binding and intracellular targeting. It is
shown that at the cell surface galectin-8 appears to have, surprisingly, a rather
broad specificity combining ligands of moderate affinity for its two CRDs.
Highly selective ligands for the N-CRD instead appear to decide the intracellular
fate of galectin-8.

Understanding the basis of specificity of glycan-protein interactions is one of
the challenges ahead in glycobiology and glycomics [27]. By combining glycan
array analysis, which simultaneously tests almost 300 glycans, with the in
solution based fluorescence polarization assay, giving affinity constants and
binding mode for a selection of glycans, we investigated the details of galectin-8
specificity. Our results both confirmed the previous reported specificities for the
N- and C-CRD [38, 127] and expanded them as a result of the larger number of
glycans tested.

The most striking finding, observed in all three investigations, was the
unusually strong affinity of the N-CRD to «2-3 sialylated and 3’sulphated (-
galactosides. This preference is unique for galectin-8 and seems evolutionary
conserved since it is retained in the frog orthologue (unpublished data). With
FP, we could also show how the high monovalent affinity is achieved, by
addition of several fragments (such as Glc, NeusAc and fluorescein-linker) to a
single galactose tightly bound in site C of the galectin CRD (paper I).
Considering our approximate cell surface affinity estimation for G8N, and the
affinity of the same to immobilized glycolipids (containing 3’sulfation or sialic
acid) shown by Ideo and colleagues [127], it is not at all unlikely that glycolipids
might be a major cell surface ligand for the N-CRD in vivo. In support for this
hypothesis is the fully retained binding of G8N to CHO cells completely lacking
complex N-glycans (Lec1) (paper II). In addition, although weak and sparse,
clear spots of galectin-8 could be seen in the endocytosis experiments with G8S
to the same CHO mutant (Fig. 1A enlargement, paper I). Such spots were not
visible with the G8S Q47A mutant, strongly indicating that the effect was
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mediated by a2-3 sialic acids on glycolipids or O-glycans (which are unaltered
on this glycosylation mutant). The involvement of sulfated glycolipids can be
ruled out since CHO cells do not express any sulfotransferase [165].

The C-CRD showed an overall lower affinity to most glycans (Table I, paper
I), and low signals on both glycan array and binding to CHO cells were
obtained, making the C-CRD the hardest galectin-8 protein to evaluate. A-tetra
saccharides (and some B-tetras) were shown to be the preferred epitopes, in
addition to elongated structures such as LNnT (paper I) [38, 127]. Despite the
difference in affinity between the two galectin-8 CRDs, the C-CRD is not to be
disregarded or forgotten. Its importance in the cell surface binding of intact
galectin-8 is striking, exemplified by a cell surface binding of intact G8S and -L
reduced to near background on CHO cells lacking complex N-glycans, despite
retained N-CRD binding (see above). Thus, galectin-8 is most probably highly
dependent on the glycosidic cluster effect in combination with the fine
specificity in exerting its extracellular (and intracellular?) effects during
physiological conditions.

Crosslinking of ligands is central in the induction of cellular responses by
galectins. Galectin-1, for example, induces lattice formation of CD43/CD7 or
CD45/CD3 on T-cells (CD43 is never co-clustered with CD45), where the
clustering of CD43 is believed to push cells into apoptosis [7, 49]. Another
example is galectin-3, which has been suggested to form a lattice with the T-cell
receptor, and thereby regulate its signaling [51]. When the two galectins are
added to the same T-cell, their fine specificities direct them to (at least in part)
separate glycoconjugates. Galectin-3, for example, aggregates the transferrin
receptor (CD71) on T-cells when galectin-1 crosslinks CD45, although galectin-3
has affinity for both CD45 and the transferrin receptor [195]. Bi-CRD galectins
have two distinct glycan-binding domains and they are much more likely to
bind two unrelated ligands (e.g. CD45 and CD43) in vivo. Regarding the fine
specificities of the galectin-8 domains, this bi-CRD galectin could very well
cluster glycolipids, via the N-CRD, with glycoproteins, via the C-CRD. The
flexible linker and glycosidic cluster effect enables good binding of intact
galectin-8 to multiple receptor pairs, ensuring cell surface binding to most
normally glycosylated cells. However, the linker can also be of regulatory
function when being enzymatically cleaved, resulting both in loss of cluster
effect and generation of competitive inhibitors (the separate CRDs). Recent data
on galectin-g are in favor for such a regulatory role as the galectin-g linker
(including the galectin-8 one) has been shown sensitive to certain enzymes [99,
100]. In addition, the chemoattractant activity of galectin-9 does not seem to
require a linker at all, although two CRDs are essential [196].
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Upon addition to cells, the first encounter of galectin-8 is likely a sialylated
LacNAc displayed on the very tip of extended glycans (such as N-, or O-glycans),
to which the N-CRD can interact with high affinity. Thus, binding of the N-CRD
to an o2-3-sialylated LacNAc, simultaneously with the C-CRD interacting with
another part of the same glycan, or a glycan closely nearby, could establish a
first cell interaction. However, with the variety of glycans densely displayed on a
cell surface, and considering the non-requirement of fine specificity in retaining
a high affinity to the cell surface, it is possible that the N-CRD and C-CRD shifts
glycan ligands during their time bound to the cell surface. This would result in a
final binding to a ligand-pair with maximal affinity (through binding to the best
ligands for both the N- and the C-CRD), as compared with the ligands bound in
the first place. Supportive for such an idea, is the 10 times weaker affinity of the
N-CRD for 3’sialylated LacNAc as compared with 3’sialylated (or 3’sulfated) Lac
or GalP1-3GalNAc (Table I, paper I). The weaker affinity of sialylated LacNAc
would be strong enough to mediate initial contact to the cell, but also weak
enough to permit subsequent shifting. Also, considering the length and
flexibility of glycan chains on the cell membrane, longer extensions of e.g.
glycoproteins will most probably hide shorter glycans situated close to the cell
surface, exemplified by GM3 (3'SA-Lac) or sialylated core 1 structures on O-
glycans (3'SA-Galp1-3GalNAc). Another possibility for extracellular added
galectin-8 to reach the short glycans of e.g. GM3 (than the one proposed above),
is if these glycoconjugates are already present in a preformed membrane patch,
creating a space devoid of long glycans, almost like a glade in the woods. To me,
galectin-8 would rather be the creator of the ‘glade in the woods’, by
crosslinking glycoproteins with short glycolipids, than the opposite. However,
both are of course possible.

Galectin-8 crosslinking of certain membrane receptors triggers its
endocytosis into the cell and intracellular sorting (Figure 5A). This uptake
seems to be of a non-classical type since neither of the tested inhibitors
hindered accumulation of galectin-8 inside the cell. Irrespective of the
underlying mechanism, galectin-8 is recycled back to the cell surface
simultaneously as being present in intracellular structures, when receptors
containing 3’SA are present on the cells. From our results it’s unclear whether
galectin-8 acts as a ‘driver’ or a ‘passenger’ in the observed intracellular
targeting. Galectin-3 and -4 are examples of ‘driver’ in vesicular transport [44,
74]. This is characterized by a requirement of their presence for a correct sorting
of outbound vesicles, and hence, their removal distorts the normal delivery.
Previous reports have suggested terminal sialic acids as a sorting signal for
apical delivery in polarized cells [197, 198], which opens the possibility for
cooperation with galectin-8 in this sorting. However, galectin-8 could also be a
‘passenger’, directed to the same location as sialic acid containing receptors by
its strong affinity for such glycans. In the latter scenario, the fine specificity of
the C-CRD could be the physiological important one, recruiting specific
glycoprotein receptors of unknown function to the same location.
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Figure 5 Galectin-8 endocytosis. Illustration depicting the two hypotheses on
galectin-8 endocytosis, and how they could explain the cellular pattern of G8S
observed in wt CHO cells. A) Galectin-8 crosslinks glycoproteins with glycolipids,
which causes their clustering and elicits endocytosis. Inside the cell, sorting takes
place and a subset of the receptors are trafficked to intracellular structures, while
another subset (with sialic acid bearing glycans) is recycled back to the cell
surface. Sorting could also occur at the cell surface, where galectin-8 crosslinking
separates receptors from one another and trigger their internalization separately.
The endocytic pathway taken by these receptors are different, one results in
recycling of SA-bearing glycans back to the surface while vesicles from the other
(with unknown glycans) remains intracellularly. B) Galectin-8 crosslinking
separates cell surface receptors from each other. For one subset (containing SA-
glycans), clustering inhibits their endocytosis, while for another subset
endocvtosis is triggered.
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Crosslinking of cell membrane ligands could also induce lattice formation of
specific receptors (Figure 5B), regulating their endocytosis and/or signaling, a
function suggested for galectin-3 in endocytosis of cytokine receptors and T-cell
receptor activation [51, 52]. Such a lattice formation could retain galectin-8 at
the cell surface, as opposed the suggestion where galectin-8 is recycled back to
the surface after internalization. The fact that galectin-8 is seen inside cells and
not only at the cell surface could be explained by a thresholding mechanism.
The first receptors to be bound by galectin-8 are the high affinity ones which
forms the lattice. When these receptors are all occupied, excess galectin-8
would then bind secondary receptors, which are the ones responsible for
triggering of endocytosis. This scenario proposes galectin-8 to be able to induce
dual functions in the cell dependent on the extracellular concentration, similar
to the dual endocytic routes reported for the EGF receptor and TGF f [168, 169].
The low concentration galectin-8 used in our experiments (0.5 pM) argues
against such a model in view of the abundance of GM3 on CHO cells, which are
one of the best glycans for the N-terminal. The other possibility is that both
lattice formation and triggering of endocytosis are elicited upon galectin-8
binding, without one receptor-galectin complex serving as a threshold for the
other (Figure 5B).

Our work has generated valuable information of how glycan specificity in the
two CRDs of galectin-8 is achieved, and has provided insight into how this
specificity is connected with intracellular targeting. However, the role of
galectin-8 in this effect is far from clear and we have generated more questions
than we sought to answer from the start. Further experiments could reveal a
fundamental cellular function of galectin-8, hopefully giving a clue to why
galectin-8 is expressed in so many cells.
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Popularvetenskaplig
sammanfattning pa svenska

Alla celler i en manniskokropp ar uppbyggda av fyra olika byggstenar: DNA,
fetter, proteiner samt socker. Glykobiologi ar laran om socker och innefattar allt
som har med dem att gora: hur de tillverkas, hur de ser ut, vad de har for
funktion, hur de bryts ner etc.. Férutom att vara en energirik del av var kost och
orsak till en av vdra vanligaste sjukdomar (diabetes, eller sockersjuka), s ar
sockermolekylerna i vara celler oumbarliga for att cellerna ska kunna fungera.
Sockerstrukturerena satts som en extra del pa olika proteiner och fetter (lipider)
och bildar pa det viset glykokonjugat, s.k. glykoproteiner eller glykolipider. De
finns till storst del pa utsidan av véara celler och i blasor inuti cellerna, men
andra typer av glykosyleringar kan vi ocksa hitta pa proteiner i cellvdtskan. Ett
foster som inte kan tillverka vissa grundldggande sockerstrukturer aborteras
tidigt och utvecklas aldrig vidare. Mindre drastiska effekter av felaktigheter i
sockertillverkning aterfinns specifika sjukdomar, dessa kan dock vara av mildare
eller allvarligare typ.

Medan var forstdelse for andra molekylklasser ar forhallandevis stor, sa ar
kunskapen om glykobiologi fortfarande begransad. Detta beror bland annat pa
att sockrets byggstenar (monosackarider) kan sattas samman i valdigt komplexa
strukturer, samt att olika celler kan tillverka olika sockerstrukturer. Hur ett
protein ska se ut avlises ur DNA och alla celler tillverkar en specifik
proteinkejda pd samma satt eftersom DNAt finns i alla celler. Daremot finns det
inget "recept” i en cell for hur sockerkonjugaten ska se ut, utan de beror pa det
urval av sockertillverknings-enzymer som finns i just den cellen. Komplexiteten
hos socker gor dem dock till utmaérkta "informationsbarare”, information som
kroppen avldser via proteiner som kallas lektiner. De framtida utmaningar
glykobiologifdltet star infor ar i huvudsak tre: (i) att forstd hur den enorma
variabiliteten hos sockerstrukturer uppkommer genom att forstd hur
tillverkningen av dem regleras, (ii) att forsta grunden for specificitet i protein-
socker interaktioner (vilket ar avgorande t.ex. for hur ett unikt lektin fungerar),
samt (iii) att forstd hur ett protein som binder till fler 4n ett bindningsstalle
samtidigt ger upphov till signallering i cellerna och cell-cell-kommunikation
genom en selektiv interaktion med ett urval av den enorma mangd socker som
finns pd en cellyta. Den har avhandlingen har forsokt bidra med kunskap till de
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tva sista punkerna. Vi har klarlagt hur ett av médnniskokroppens lektin, galektin-
8, binder till specifika sockermolekyler och hur den specificiteten paverkar
galektinets cellytebindning och celluldra effekter.

Galektiner ar en familj av lektiner som ar delaktiga i manga basala funktioner
i kroppen, t.ex. celltillvaxt, celldod, cellbindning till underlag m.m.. De
kannetecknas av bindning till B-galaktosider, vilket ar disackarider dar den ena
monosackariden ar av typen galaktos, t.ex. i mjolksocker (laktos). Galektiner har
antingen en sockerbindande domdn (CRD, frdn engelskans carbohydrate
recognition domain), eller tva. Galektin-8 &r ett typiskt tvd-CRD galektin och
kan liknas vid en hantel, dar sjidlva greppet utgdr linken mellan de tva
dominerna, som i sin tur motsvaras av de bada vikterna. Aven om de flesta
celler (bade normala och cancerceller) tillverkar galektin-8 s& ar dess funktion
fortfarande okand.

Vi har med hjalp av tva olika metoder visat att de bada doméanerna i galektin-
8 har valdigt olika specificitet och bindningsstyrka (affinitet) till olika
sockerstrukturer. Den ena domdnen (C-CRDn) féredrog sockerstrukturer som
utgor blodgrupp A, och uppvisade en bindingsstyrka i mikromolar-omradet,
vilket anses som en typisk affinitet for protein-socker-interaktioner. Den andra
doménen, N-CRDn, band bast till laktos med sialinsyra eller laktos med en
sulfatgrupp pa. Bindningsstyrkan mellan dessa var ovanligt stark for att vara en
enkel protein-socker-interaktion, och uppmattes till ca 50 nanomolar.

Aven till en cellyta uppforde de bada dominerna sig som forvintat med
avsende pa specificitet och bindingsstyrka. C-domdnen band generellt sett
mycket svagare dn N-domdnen, som i sin tur var beroende av ndrvaro av
sialinsyra for att binda starkt. Intressant nog var det annorlunda for intakt
galektin-8. Forst och framst band galektin-8 mycket starkare till celler &n de
enskilda doménerna. Detta beror pa att tvd sammanbundna domdner (som
galektin-8 med sin hantelform) kan binda tva olika sockerstrukturer samtidigt,
vilket underléttar interaktionen och gor den starkare. For det andra visade sig
intakt galektin-8 inte alls vara beroende av sockerstrukturer med sialinsyra for
att kunna binda starkt. En stark cellytebindning av galektin-8 kunde &dven
uppnds om cellerna bara hade sockerstrukturer som band “halvbra” till de
enskilda domédnerna, dock var det avgérande att bada band var sitt socker.

Aven om det hade visat sig att specificteten for sialinsyra hos N-domainen i
galektin-8 inte var avgorande for cellytebinding av proteinet, sa visade vi att den
var av betydelse for var galektinet hamnar inuti cellen efter att det tagits upp
fran cellytan. For att utrona betydelsen av fyndet, och dess funktion i cellen,
behover vi gora fler experiment. Troligtvis ror det sig om en mekanism som ar
viktig for alla celler och fortatta studier hade kunnat vara valdigt givande.
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De basala funktioner galektiner utfor i en cell gor att de ofta ar delaktiga i
olika sjukdomsforlopp, allt fran cancer till inflammation till drrvdvnadsbildning.
Okad forst3else for vad galektiner binder till, hur de binder samt vilka effekter
det far i en cell ar darfor av stor betydelse for utveckling av framtida ldkemedel.
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