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Ubiquitous occurrence in Nature, abundant presence at strategically important places
such as the cell surface and dynamic shifts in their profile by diverse molecular switches
qualifies the glycans to serve as versatile biochemical signals. However, their exceptional
structural complexity often prevents one noting how simple the rules of objective-driven
assembly of glycan-encoded messages are. This review is intended to provide a tutorial
for a broad readership. The principles of why carbohydrates meet all demands to be the
coding section of an information transfer system, and this at unsurpassed high density,
are explained. Despite appearing to be a random assortment of sugars and their substitu-
tions, seemingly subtle structural variations in glycan chains by a sophisticated enzymatic
machinery have emerged to account for their specific biological meaning. Acting as
‘readers’ of glycan-encoded information, carbohydrate-specific receptors (lectins) are a
means to turn the glycans’ potential to serve as signals into a multitude of (patho)physio-
logically relevant responses. Once the far-reaching significance of this type of functional
pairing has become clear, the various modes of spatial presentation of glycans and of
carbohydrate recognition domains in lectins can be explored and rationalized. These dis-
coveries are continuously revealing the intricacies of mutually adaptable routes to achieve
essential selectivity and specificity. Equipped with these insights, readers will gain a fun-
damental understanding why carbohydrates form the third alphabet of life, joining the
ranks of nucleotides and amino acids, and will also become aware of the importance of
cellular communication via glycan-lectin recognition.

Introduction

Clearly, molecular languages of life govern cellular communication. The long and winding road that
the concept of information coding by glycans has taken to gain acceptance is first surveyed by the
selected quotations from the literature. They graphically emphasize that two classes of biomolecules
have overshadowed glycans for decades. “To an observer trying to obtain a bird’s eye view of the
present state of biochemistry, ....life may until very recently have seemed to depend on only two
classes of compounds: nucleic acids and protein’ [1].

As is reflected in the manner of covering the subject of life sciences in textbooks, the enormous
technological advances in the study of these two classes of biomolecules turning sequence and expres-
sion analyses into routine practice were a reason to maintain this focus. In this sense logically, ‘with
the rapid advent of powerful insights and tools, the study of nucleic acids and proteins came to dom-
inate the molecular biology revolution of subsequent decades’ [2]. When analyzing the flow of bio-
logical information with the aim of reaching an understanding of the molecular basis of (patho)
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physiological processes, however, the potential of carbohydrates to serve as an alphabet for ‘writing messages’
should not be definitely overlooked. Especially on cell surfaces, where space is limited, signals in the form of
oligomers must meet the requirement of being compact and precise. In chemical terms, individual ‘letters’
(monomers) must be endowed with the capacity to build a rich vocabulary (oligomers) that can be ‘read’ to
then exert roles in cellular communication.

Ubiquitous in Nature, even constituting the most abundant compounds on the Earth, namely the polymers,
cellulose and chitin [3], and also prominently positioned on cell surfaces [4], carbohydrates qualify as more
than being the biochemical fuel and molecular concrete of cell walls. Terminologically, the common presence
of glycans as part of glycoproteins and glycosphingolipids was an incentive for coining the term ‘glycobiology’
[5] (or more general: glycosciences). It implies fundamental functionality. Conceptually, the term gave research
work on glycans a clear direction. As a consequence, carbohydrates, like amino acids and nucleotides, gained
the status of an alphabet of life [6]: ‘letters” of this alphabet are shown in Figure 1. Chemical modifications,
such as the derivatization of glucose (Glc) or galactose (Gal) to their 2-amino sugars and then to N-acetylated
products (GlcNAc, GalNAc), can be likened to Umlaut formation in the German language. This process is
especially frequent in the case of N-acetylneuraminic acid (Figure 1, bottom row — center). Its modification
yields more than 80 different sialic acids, in mammals prominently O-acetylation and hydroxylation to
N-glycolylneuraminic acid [7,8]. Thus, the ‘letters’ of an alphabet are available. By having a close look at the
meaning of the term ‘carbohydrates’ and the structures shown in Figure 1, the fundamental potential of sugars
to store (in ‘words’) and to transfer biological information (by molecular recognition) will become evident.

Carbohydrates: the third alphabet of life

The name ‘carbohydrates” originates from the stoichiometric proportion of carbon and water (C,(H,0),,, with
n > m). It reflects that these compounds share the presence of hydroxyl groups. The chemical equivalence of most
of them opens the door to an unsurpassed level of structural diversity that glycans attain beyond the sequence.
Ironically, precisely this special chemical characteristic to make an exceptional number of isomers possible in a
minimum of chain length (reasons for this will be given below) was responsible for the slow rate of progress in
this field, here highlighted in a Q & A manner as follows: ‘in this remarkable age of genomics, proteomics and
functional proteomics, I am often asked by my colleagues why glycobiology has apparently so far lagged behind
the other fields. The simple answer is that glycoconjugates are much more complex, variegated, and difficult to
study than proteins or nucleic acids’ [9]. Figure 2 explains the chemical basis to enable structural diversity.

The building blocks of nucleic acids and of proteins are linked in a wuniform manner, the
5',3/-phosphodiester and the peptide bonds (Figure 2). Obviously, the chemical nature of the glycosidic linkage,
too, is the same throughout an oligo- or polymer. In complete contrast, many sites, that is each hydroxyl group
of the sugars shown in Figure 1, can, in principle, serve as acceptor during chain elongation. This new level of
versatility is symbolized by the arrows in Figure 2 that point to these functional groups. If this happens, the
resulting products will be isomers. Their sequence can then no longer be entirely defined by the order of the
building blocks, as is the case for nucleic acids or peptides, and there is another source of variability. Forming
a glycosidic bond necessarily involves either the o- or the B-anomeric position of the donor, i.e. the activated
sugar, which is highlighted by the pair of arrows pointing away from the pyranose (Figure 2).

Bringing these two factors for structural variability together, clearly more than a single compound will satisfy
the definition of a diglucoside. Using the diglucoside (Glc-Glc) as an example, the permutations, indicated by
arrows in Figure 2, are possible. Both the anomeric position and the linkage points come into play, not just a
single structure (as is the case for a dinucleotide or a dipeptide) but 11 diglucosides (eight diglucosides with an
acceptor site for chain elongation) become possible. As a consequence, beyond the sequence, the type of
anomery (o or B) and the linkage position from the anomeric center at the C1 atom of the donor to the
acceptor (for hexopyranoses: 1,15 1,2; 1,3; 1,4; 1,6 as given in Figure 2) must therefore be known to fully define
each disaccharide. This explanation clearly substantiates why the structural analysis of carbohydrates is much
more difficult than that of nucleic acids or proteins. Factors for further increasing the pool size of oligo- and
polysaccharides can include the ring size (common hexasaccharides, such as Gal, are present as pyranose, as
given in Figure 1, but Gal is also a part of polysaccharides and glycoconjugates of bacteria, fungi and protozoa
as furanose (Galf) [10-12]) and the implementation of site-specific substitutions, the latter being the biochem-
ical equivalent of cytosine methylation/hydroxymethylation or posttranslational protein modifications [13].
Phosphorylation (for example of mannose at its 6-position) or O-sulfation (for example of Gal or GalNAc at
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Figure 1. Letters of the sugar language.
lllustration of the main letters of the third alphabet of life. In each case, the structure, name and symbol as well as known

acceptor positions (by arrows) in glycoconjugates are presented. Four sugars have L-configuration: fucose
(6-deoxy-L-galactose), rhamnose (6-deoxy-L-mannose) and arabinose are introduced during chain elongation or at branch
positions, whereas L-iduronic acid (IdoA) results from the enzymatic epimerization of GIcA (at C5) in glycosaminoglycans that is
sandwiched between the N-deacetylase/N-sulfotransferase and the O-sulfotransferase reactions. Its 'C, conformer (left) is in
dynamic equilibrium with the 2S, form (right) that has the appropriate stereochemical arrangement for glycosaminoglycan
(heparin/heparan sulfate)-receptor binding (please see also Figure 3d). Xylose is part of the GlcA-(Gal),-Xyl linker between the
proteoglycan core protein and the disaccharide repeat section of O-linked glycosaminoglycans (chondroitin, dermatan and
heparan sulfates). Neu5Ac, one of more than 80 sialic acids, is a common constituent of glycoprotein and ganglioside glycans.
Its presence and the o2-linkage to 3-, 6- or 8-positions of acceptors give the respective oligosaccharide a specific meaning.
Kdo is a building block of lipopolysaccharides in the cell wall of Gram-negative bacteria and is also found in cell wall
polysaccharides of green algae and higher plants. Here, polysaccharides, such as arabinoxylans or pectins (such as
rhamnogalacturonans), are abundant (from [248], extended; with permission).

3- or 4-positions), as illustrated in Figure 3, gives the respective letter a new particular meaning (for respective
information, please see legend to this figure and also below).

Succinctly summarized in direct comparison to nucleic acids and proteins, ‘carbohydrates are ideal for gener-
ating compact units with explicit informational properties since’ (as graphically illustrated in Figure 2) ‘the per-
mutations on linkages are larger than can be achieved by amino acids and, uniquely in biological polymers,
branching is possible’ [14]. A branched pentasaccharide is shown in Figure 4. Elegant acceptor-donor tailoring
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Figure 2. How letters of the three alphabets of life form words.

lllustration of the linkage points between building blocks in biopolymers. The comparison highlights the fundamental difference
between the uniform backbone structures of nucleic acids and proteins and the variability within chain elongation of glycans of
cellular glycoconjugates. The red arrows symbolize the 5',3'-phosphodiester between nucleotides and the peptide bonding
involving the two functional groups of the C,-atom that all amino acids have, i.e. amino and carboxyl groups. In contrast with
these pairs connected at fixed positions, each of the chemically equivalent hydroxyl groups can, in principle, be used as an
acceptor by glycosyltransferases. They transfer the monosaccharide from the activated donor in o~ or B-anomeric position to
build a chain (for example of two disaccharides and a pentasaccharide, please see Figure 3b-d; for glycolipid glycans, please
see Table 2; from [248], with permission).

has made chemical glycan synthesis possible [15], documenting the feasibility to prepare isomers as distinct
compounds in the laboratory. The price to be paid at the cellular level toward this end will be to devote a share
of the genome to coding for glycogenes, whose products will then make biochemical assembly possible.

In Nature, a complex enzymatic apparatus has been developed to realize a portion of the theoretical potential
for diversity using carbohydrates as substrates [16-23]. It works in the cell at different sites including the
nucleus and also on the cell surface. The enormously high-degree spatial organization of glycosyltransferases at
a center of glycosylation along the route to secretion, i.e. the Golgi apparatus, has intrigued researchers for
decades [24,25]. Sophisticated analytical technology applied to the products of the assembly lines has accom-
plished mapping of structural diversity based on the mentioned permutations [26-28]. Indeed, reaching the full
range of linkage positions, for example in the case of adding the ‘letter’ fucose (see Figure 1) with its al,2,
ol,3, al,4 and 01,6 connections [20], is documented; and the enzymatic machinery is even able to tailor the
local density of glycans by different means.

A key prerequisite toward this end is the diversification within a glycosyltransferase family. To give examples
already at this point, the degree of branching of N- and (mucin-type) O-glycans is varied due to the existence
of panels of N-acetylglucosaminyltransferases (GnTs) so that the number of antennae and thus of terminal epi-
topes in close vicinity is adaptable [16]. Fittingly, an engineered loss of such an enzyme responsible for branch-
ing appears to be functionally compensated in vivo by shifts in the glycome including neosynthesis of glycan
chains (by O-mannosylation), homeostasis of elaborated branch ends and extension of chains by including
N-acetyllactosamine (LacNAc) repeats [21,29-33]. The same principle is operative at the level of initiation of
protein glycosylation. The large size of the toolbox for starting mucin-type O-glycosylation by UDP-GalNAc:
polypeptide N-acetylgalactosaminyltransferases (GaINAcT) and their broad spectrum of (glyco)peptide specifi-
city provide an instructive example for modulating the density of separate glycans, the human genome encod-
ing 20 members of this family [34-36]. As noted above, subsequent chain elongation can then include
branching so that the full spectrum from sparse to highly clustered glycosylation (at different sites and with
different degrees of branching) is covered.

This way, and with elaborate branch-end tailoring, the enzymatic machinery (for example of the mentioned
O-glycan [37-39]) decorates cell surfaces with glycan-based signals of a highly sophisticated structure and a
varying degree of local density. These sets of enzymatic reactions, which will be explained below, add up to let
the molecular diversity and thus the coding capacity of glycans attain the top position among biopolymers.
Since the presence, localization and activity of each component of the glycan-producing factory are intimately
controllable, a cell can express, for example, its status of differentiation by distinct glycans such as stage-specific
embryonic antigens (SSEA) [40-42]. They are often defined as being the targets of monoclonal antibodies and
have been given a place in the CD nomenclature such as CD15 (SSEA-1, Lewis™) [43].
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Figure 3. Sugar-based signals.

lllustration of (sugar code) ‘words’ (signals) with biomedical significance. (a) Man-6-phosphate: enzymatic labeling of distinct
Man moieties in high-mannose- or hybrid-type N-glycans of distinct glycoproteins by 6-phosphorylation in a 2-step reaction
(using first UDP-GIcNAc as the substrate for incorporation of a GIcNAc-1-phosphate and then removal of the GIcNAc unit by a
phosphodiester glycosidase) in the cis-Golgi that facilitates binding of the resulting Man-6-phosphate moiety to the two P-type
lectins in the trans-Golgi network and transport of, for example, lysosomal hydrolases; (b) 4-O-sulfated LacdiNAc: this type of
N-glycan terminus labels distinct glycoproteins, such as pituitary glycoprotein hormones for lectin-mediated uptake by hepatic
endothelial cells; (c) HNK (human natural killer cell)-1 epitope (CD57): it is involved in cell adhesion/migration in the nervous
system; (d) heparin pentasaccharide: the N,O-sulfation pattern with especially the encircled 3-O-sulfate group in the
trisubstituted central GIcN unit (sulfation code) accounts for potent anti-coagulant activity. Considering the conformer
conversion of IdoA to its 2S, form shown in Figure 1, 2-sulfation of IdoA and sulfation in its vicinity favors adaption of the
skew-boat structure and thus intimate binding to antithrombin 11l [249,250] (from [248], modified and extended; with
permission).

In general terms, glycan production is not only fundamentally different from polymerase- and ribosome-
dependent nucleic acid and protein synthesis by its in-built variability. It is also template independent, the pro-
teins encoded by glycogenes acting in concerted but versatile action. The occurrence of the noted variability is,
therefore, not governed by a strict master plan but is implemented via levels of substrate availability (donors
and acceptors), transporters and enzymes in the local context, which allows highly dynamic changes to occur
swiftly. Moreover, the evidently spatiotemporally highly regulated and thus non-random remodeling by enzy-
matically shortening glycans is known (please see below for details). These factors add up to recognize why the
cellular glycome can be likened to a molecular fingerprint. Evidently, the virtues of carbohydrates for structural
variability are used in a far-reaching manner, a strong argument for a broad functional significance of glycans.

Moving on from these two structural dimensions (of linear and branched glycans), the next question is
whether analyzing the third dimension, i.e. glycan shape and its dynamics, may also have something in store
for a role in information handling. Indeed, restrictions to flexibility for rotations of the bulky sugars about the
dihedral angles of each glycosidic bond are often seen [44,45]. As a consequence, each combination of this

© 2019 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

PORTLAND
PRESS

2627



° PORTLAND Biochemical Journal (2019) 476 2623-2655

00 rress

2628

https://doi.org/10.1042/BCJ20170853

Ctx B Gal-3

Figure 4. Conformer selection of a glycan ligand by receptor binding.

lllustration of the structure of ganglioside GM1 with its pentasaccharide (top), three low-energy conformers (center) and the
crystallographical structure of a complex of each conformer with a receptor (bottom). The cases of the pentameric lectin part of
cholera toxin (3CHB), human galectin-3 (3AYC) and human factor H (4ZH1) are presented.

parameter set (the @, W-angles that define the shape of a disaccharide; the ®, ¥, w-angles when a third bond,
such as that between C5 and C6, is involved in the connection between two sugar units, as is the case in a
1,6-linkage) will define a certain shape, and each one will have its own (favorable or unfavorable) energy value.
The conformationally accessible space will be hereby structured into regions differing in energy levels like a
topographical map, low-energy levels representing valleys in a hilly landscape [46]. A glycan can access these
regions so that it ‘moves in solution through a bunch of shapes’ (conformers or molecular keys) [47], which is
the distinctive feature of the third dimension of the sugar code.

This preferential occurrence of distinct conformers has remarkable implications for molecular interactions: it
reduces the entropic penalty within the thermodynamics of a binding process when involving a certain con-
former that docks into a site of complementarity — in comparison with a highly flexible ligand. What necessi-
tates folded surroundings or disulfide bridges in a protein to force a peptide fragment to adopt a certain
conformation comes by Nature in oligosaccharides. How different, energetically favored conformers can look
like is illustrated for a branched pentasaccharide of a glycosphingolipid, i.e. ganglioside GM1, in Figure 4.

The concept of the sugar code stipulates that such dynamic shape diversity will have consequences: the dis-
tinct spatial positioning of the free hydroxyls (or also an N-acetyl group) creates a particular surface in each
conformer like a stretched-out hand. Complementarity with a receptor engenders hydrogen and coordination
bonding as well as by C-H/n-interactions between slightly positively polarized C-H groups (of the B face of
Gal) and m-electrons of tryptophan, a reason why this rarely occurring amino acid is often present in the
contact sites for sugars [48-51]. Of note, a change in the position of a single hydroxyl group, for example to
present the hydroxyl group in position 4 of hexopyranoses axially (please compare Glc to its epimer Gal in
Figure 1), is sufficient to give the letter a new meaning. Each hydroxyl group in a carbohydrate can, therefore,
have a mission in connecting ‘letters’ to ‘words’ or, alternatively, in enabling ‘words’ to be distinguishable.
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It, thus, was prophetic to envision a sugar code, in one occasion inspired by the local vicinity of labs:
‘drawing an analogy to the genetic code, [Victor] Ginsburg, a biochemist whose laboratory was down the hall
[close to the Marshall Nirenberg laboratory where the genetic code was being cracked at that time], was con-
vinced that after the genetic code was deciphered, the next important code to solve was the one for cellular rec-
ognition; and to him it seemed likely that this was based on specific protein-glycoconjugate interactions ... this
seemed like an idea worth pursuing at a future time’ [52]. About the same topic, Albert Neuberger, a pioneer
of glycoprotein research, went one step further by succinctly stating that ‘it is almost certain that glycoproteins
are prominently involved with social behaviour of cells’ so that it is ‘reasonable to believe that this complicated
mechanism’ [of glycan biosynthesis] ‘serves an important biological function’ [53], and conveying a molecular
message by glycans has turned out to be the case. That providing convincing support for the idea that glycans
are on par with proteins and nucleic acids for the purpose of information coding, the basis of the concept of
the sugar code [54], today is a highly active and dynamic research area has recently been underscored by the
comment that ‘only in recent years have we begun to appreciate how deeply glycan functions pervade all
aspects of organismic biology, molecular biology, and biochemistry’ [55].

This said, it is clear that there is a need for an introduction to the functionality of glycans/glycoconjugates
based on the selective binding of glycans (‘reading’ glycan-encoded messages) by carbohydrate-protein recogni-
tion. Having just equipped our readership with the knowledge on why carbohydrates are predestined as ‘letters’
for ‘writing’ molecular messages so that their oligomers become ‘words’ with high-coding capacity, the next
task is to explain why their presence in cellular glycoconjugates can fulfill the mentioned promises. To do so is
to take the term ‘reading a glycan-encoded message’ literally and to introduce a tool that is able to choose,
pick, read or select (Latin: legere). This etymological root explains the origin of the term ‘lectin’ for (glyco)pro-
teins found in plants (and invertebrates) that have an antibody-like selectivity enabling them to distinguish and
to agglutinate erythrocytes of different donors according to their histo-blood group ABH status, thus also
called phytohaemagglutinins [56]. The inherent epitope specificity and the nature of the bound determinant as
sugar was the reason why this term became popular for carbohydrate-binding proteins, excluding immunoglo-
bulins, enzymes and sensor/transport proteins for free mono- to oligosaccharides, [50,57-61]. Their ubiquitous
presence on the Earth matches the postulate of their importance. The members of this class of proteins are
thus able to engage in pairing with cognate glycans, a talent useful for glycophenotyping of cells and tissues
[62-65], and this interaction should then trigger post-binding effects, making the pairing functional. To do so,
lectins are expected to fulfill a series of structural prerequisites.

Lectins: readers of sugar-encoded information and

effectors

In principle, the high level of glycan diversity should find its equivalent on the side of the lectins in order to
achieve a broad functional spectrum for glycan-protein recognition. Fittingly, more than a dozen folds have
acquired the capacity to bind carbohydrates (for listing, please see Table 1; for illustration of the folds, please
see Galleries of Lectins [51,66]; for a review on structures, please see [67]). Obviously, developing the structural
basis for lectin activity has not been a rare event. Supporting this reasoning, a certain basic fold can even serve
as a platform to generate several types of carbohydrate recognition domains (CRDs) with their own characteris-
tic properties. This principle is illustrated in Figure 5 for the B-sandwich as structural unit that acquires very
specialized binding properties by independent routes (please see legend to this figure for further information
and also Table 1). The positions of the contact site of sugar within the fold, its sequence signature and three-
dimensional structure as well as the type of involvement of a Ca** differ between the individual group
members, reflecting that the course of evolution has taken separate roads toward these distinct phenotypes,
which share the same origin. Clearly, structural CRD diversity lives up to the expectation to match glycan
diversity, and this finding immediately leads to the question whether this also holds true for the number of
glycans that have become ligands for lectins: it should be large.

As the current status of research reveals, the inventory of tissue lectins can indeed bind to a wide panel of
glycans. As the first class of targets with clinical relevance, foreign glycan epitopes are readily detected by tissue
lectins as part of the innate host defense. Instructive examples illustrate the efficiency of this kind of surveil-
lance mechanism independent of antibodies: tracing the mentioned Galf (by human intelectin-1 [68]), the bac-
terial cell wall peptidoglycan with the P1,4-linked disaccharide of GIcNAc and N-acetylmuramic acid, the
substrate of lysozyme, (by bactericidal C-type lectin Regllly (murine)/hepatointestinal pancreatic or
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Table 1 Classification of animal/human lectins by folds

Type of fold Example for lectin

C-type Asialoglycoprotein receptors (hepatocytes, macrophages), collectins, selectins, tandem-repeat-type
receptors

I-type Siglecs and structurally related paired receptors

P-type Ca?*-(in)dependent mannose-6-phosphate receptors (MR) and proteins with MR homology domain

such as erlectin

B-sandwich Molecular chaperones (calnexin, calreticulin)
ER-to-Golgi glycoprotein transporters such as ERGIC-53 or VIP36
Module in ubiquitin ligase complex and N-glycanase
Galectins
Pentraxins
Laminin G-like CRD, e.g. for matriglycan binding

B-trefoil Cysteine-rich domain of tandem-repeat-type C-type lectins such as the macrophage mannose
receptor (MMR, CD206)
Lectin domain of GalNAc-Ts with activity at one (GaINAc-T2/4/10) or two (GalNAc-T1) of the three

sites
B-propeller tachylectin-2
(5-bladed)
B-propeller tachylectin-1
(6-bladed)
B-propeller mushroom (Psathyrella velutina) agglutinin
(7-bladed)
B-prism | zymogen granule protein-16 (ZG16p) and its paralogue ZG16b
B-prism I pufferfish (Fugu rubripes) lectin
jelly-roll barrel eel (Anguilla anguilla) agglutinin, Xenopus X-epilectin
TIM barrel YKL-40 (chitinase-like lectin)
fiorinogen-like ficolectins, intelectins
o+ lectin domain of mouse latrophilin-1, a G-protein-coupled receptor
(00)7 barrel ER-associated degradation-enhancing o-mannosidase-like proteins (EDEM)

pancreatitis-associated protein (HIP or PAP; human) [69]) or the mycobacterial cord factor
trehalose-6,6'-dimycolate (by macrophage inducible C-type lectin Mincle (also called CLECA4E or Clecsf9)) [70-
72] and distinguishing glycan signatures typical for infectious agents such as a high local density of Man resi-
dues characteristic for the surfaces of yeast cells from those of normal cells by collectins, ficolins or
tandem-repeat-type C-type lectins all reveal an involvement of lectins in protecting against infections [73-75].
In order to let the sugar code regulate (patho)physiological processes, glycans of cellular production presented
by proteins or sphingolipids qualify as ligands, of course (please see below).

Equally important, when viewed from the perspective of the ligand, it is possible that different folds converge
to target the same glycan determinant. This fundamental rule in glycan-lectin recognition is illustrated for the
low-energy shapes of the pentasaccharide shown in Figure 4. Having realized the existence of the third dimen-
sion of the sugar code manifested by the presence of distinct glycan conformers, Figure 4 presents a
proof-of-principle case of selection of each conformer by its specific lectin. The structural analysis of the
respective glycan-lectin complexes has revealed that the full set of this glycan’s energetically privileged confor-
mers can serve as a ligand, and each lectin selects its cognate conformer (shape). Looking beyond this special
case, not only different conformers but also the same shape can be accommodated by more than one fold. This
is, for example, the case for the low-energy conformer of epitopes of branch-end epitopes of N- and O-glycans
of glycoproteins such as LacNAc (please see below) [76,77].

Naturally, lectin generation did not stop at the stage of fold programming for sugar specificity. Using the
gene for any ancestral CRD as a starting point, duplications were then instrumental in setting diversification in
motion at two levels: (i) by introducing sequence deviations during evolution to let offspring CRDs gain their
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Figure 5. Multi-purpose use of a basic fold (i.e. B-sandwich) as lectin module.

lllustration of the B-sandwich fold (center) and its occurrence in molecular chaperones (murine calreticulin; 300X), ER-to-Golgi
transporters (rat ERGIC-53; 1R12), N-glycanase (murine; 2174), galectins (human galectin-1; 1GZW), pentraxins (human
C-reactive protein; 3PVO) and the fifth laminin G-like module of mouse laminin a2 chain (1QUO). The arrow points to the site of
contact with ligand.

own binding properties and (ii) by the mode of modular design, manipulating the quaternary structure or gen-
erating puzzle-like combinations with other (types of) domains. Focusing on the B-sandwich-type ga(lactose-
binding)lectins as an instructive example, the route of evolution established a pool size of up to 15 proteins (in
mammals), all with the same type of CRD (Figure 6). As postulated, the monitoring of the specificities of dif-
ferent galectins from the same organism, for example, by frontal affinity chromatography [78,79] or by glycan
microarrays [80], confirmed the expectation for overlapping profiles with individual characteristics. Between
species, not only do the fine-specificity features of galectins differ, but also species-specific characteristics in the
gene pattern occur, as seen in Figure 6 in the mouse/rat comparison with a gain of a distinct lectin (galectin-5
or -6) in each case.

That such variations are rather common is further substantiated by the gene number variation for a C-type
lectin of macrophages in human (one) and mouse (two) [81,82], even more pronounced for the cases of the den-
dritic cell inhibitory receptor (DCIR) with a single gene in human but four homologs in mouse and rat [83] and
of another dendritic cell C-type lectin (i.e. DC-SIGN, also called CLEC4L or CD209) that is coded by one gene in
human but eight genetic homologs are present in mice [84]. Single nucleotide polymorphisms (SNPs) take vari-
ability to the level of individuals of a species. The ensuing single-site substitutions, such as F19Y in human
galectin-8 or K313I/N288D in a C-type lectin of Langerhans cells called langerin (CLEC5K, CD207), alter the
structure and affect binding, for langerin increasing affinity to GlcNAc-terminated glycans and abolishing associ-
ation with terminal 6-O-sulfated Gal, for example, presented by the glycosaminoglycan keratan sulfate [85,86].
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Homo sapiens
proto type: VIII, 8, eight
chimera type: |, 1, one
tandem-repeat type: 1V, 4, four
proto type-like (GRIFIN): I, 1, one
N-tailed proto type-like (GRP): I, 1, one

Mus musculus
proto type: lll, 3,three
chimera type: |1,1,0ne
tandem-repeat t{pe: VIV, 415, five/four*
proto type-like (GRIFIN): I,1,-
N-tailed proto type-like (GRP): I,1,-

Rattus norvegicus
proto type: Ill, 3, three
chimera type: |, 1, one
tandem-repeat t{pe: 1V, 3, three
proto type-like (GRIFIN): I, 1, one
N-tailed proto type (Gal-5): |, 1, one
N-tailed proto type-like (GRP): I,1, -

Gallus gallus
proto type: ll1+1, 3+1, three+one"
chimera type: |, 1, one
tandem-repeat type: |, 1, one
N-tailed proto type-like (GRP): 1, 1, one

Xenopus laevis
proto type: 1V, 4, four
chimera type: |, 1, one
tandem-repeat type: VII, 7, seven
proto type-like (GRIFIN): I, 1, -
N-tailed proto type-(like)(GRP):1, 1, -

Danio rerio >
proto type: IV+], 4+1, four+one
chimera type: 1,1, one

tandem-repeat type: 1, 2, two
N-tailed proto type-like (GRP): 1, 1, -

Drosophila melanogaster
C proto type: |,1,-
tandem-repeat type: V, 4, one

Caenorhabditis elegans
proto type: I, 2, two
chimera type: |, 1, one

tandem-repeat type: V, 5, four

C-tailed proto type: 1V, 3, three

Crassostrea gigas
proto type: II,2, two
tandem-repeat type:
-2 CRDs: |, 1, one
-4 CRDs: II, 2, two *

Hydra vulgaris

chimera type: |, 1, one

Figure 6. The galectin family in phylogenesis.

lllustration of the composition of the galectin family in model organisms. Evidence for galectin presence on the level of the
gene (Roman number), the mRNA (Arabic number) and the protein (numerical information) is listed in each group. The given
classification is based on the type of structural context of presentation of the canonical CRD (for its graphical depiction, please
see Figure 7). Galectin-related protein (GRP) in vertebrates and galectins-7, -8, -10 and -11 in C. elegans harbor N- or
C-terminal extensions, respectively. The proto-type galectin-5 (composed of a short N-terminal section attached to a sequence
nearly identical with that of the C-terminal CRD of galectin-9) is found exclusively in rat, tandem-repeat-type galectin-6
exclusively in mouse, here subject to the presence/absence of polymorphism between strains (*). Galectin-related inter-fiber
protein (GRIFIN) is special due to its species-dependent variability in lectin activity (+; loss in mammals, maintained in chicken
and zebrafish). Two tandem-repeat-type galectins in the Pacific oysters (*) (and also Eastern/pearl oysters) are special as they
have four different CRDs arranged as protein-like pearls on a string.
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Having already mentioned the characteristics of the protein architecture beyond the basic fold and the sequence
of the CRD above, the information presented in Figure 6 actually illustrates group building based on three types
of spatial arrangement of the canonical CRD, classified by names. Structurally, they stand for (i) a non-covalently
associated homodimer with identical CRDs (proto type), (ii) a linker-connected heterodimer joining two different
CRDs (tandem-repeat type) and (iii) a modular combination of the CRD with an N-terminal region of non-triple
helical collagen-like repeats (for self-aggregation) and two acceptor sites for serine phosphorylation called
chimera type [87-90]. These three types of design of vertebrate galectins are depicted in Figure 7. Based on bring-
ing CRDs together via different means, a common theme in lectin evolution with the highest level of diversifica-
tion in the modular design achieved by C-type lectins [91], these proteins can serve assignments well to sense the
presence of appropriate binding partners and then to bridge them, a hallmark of lectin activity — and there are
many more functional read-outs than (hem)agglutination. An overview of the resulting activities of tissue lectins
is given in Figure 8, depicting the wide range of influence of glycan-lectin recognition on (patho)physiological
processes. Remarkably, modularity is a means of bringing the domains together that can functionally co-operate
so that lectins acquire bi- and multifunctionality [59,92]. Targeting of enzyme action to a substrate by the CRD
of the modular protein listed in Figure 8 is operative, for example, in initiating mucin-type O-glycan synthesis
and quality control of glycoprotein folding (please see below).

Proceeding from this conceptual foundation, i.e. carbohydrates as platform to generate oligomers with
high-density coding capacity in three dimensions and lectins as their receptors, the survey of routes of
glycoconjugate synthesis that follows will immediately guide us to insights on how molecular switches for affin-
ity, selectivity and specificity are installed. In essence, seemingly subtle structural differences will be shown to
signify much more than, for example, the simple addition of a branch or the gain/loss of a sugar in a glycan.
Considering the evidence for dynamic remodeling of glycans, the example presented with conspicuous
significance for growth regulation adds to underscore the paradigmatic strength of the concept of the sugar code.

Glycoproteins: platform for presenting glycan-encoded
information

Starting from the original observations that, in the author’s words, it is not impossible that mucin ‘einen
gepaarten Stoff darstelle’ [appears to be a paired substance], with protein and sugar components [93], and,
decades later, that glycans are indeed covalently linked to protein, first shown for ovalbumin and a GlcNAc B1,
N(Asn) linkage in ovalbumin [94], it became clear that a sugar part is an integral constituent of many proteins.
On the surface of the plasma membrane, in the extracellular matrix and in serum, glycoproteins are abundantly
present. By compiling information on the occurrence and properties of the glycan-protein linkage, it became

\

Figure 7. Structural design of vertebrate galectins.

lllustration of the three types of presentation of the canonical CRD in vertebrate galectins. It can form non-covalently
associated homodimers (proto type), linker-connected heterodimers (tandem-repeat type) and a trimodular chimera (galectin-3)
composed of an N-terminal section with two sites for Ser phosphorylation, the middle part with non-triple helical collagen-like
repeats (nine in the human protein) and the C-terminal CRD.

© 2019 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

PORTLAND
PRESS

2633



PORTLAND Biochemical Journal (2019) 476 2623-2655

00 rress

2634

https://doi.org/10.1042/BCJ20170853

molecular chaperoning and
identifying misfolded glyco-

mediating matrix/ proteins intracellular routing and
microdomain assembly delivery of glycoproteins
mediating cell-matrix intercellular routing and
interactions \ / delivery of glycoproteins
functlonal
lectin- glycan
pamng
mediating cell-cell / \detectlng foreign and aberrant
interactions glycans
triggering outside-in guldmg effector domains
signaling by cis/trans- (e.g. enzymes) in multi-
recognition modular proteins to site
of action

Figure 8. What lectin—-glycan pairing can do.
lllustration of the range of functions exerted by the functional pairing of lectins with glycans of cellular glycoconjugates and
foreign glycan signatures.

clear that ‘the glycopeptide bond has attained the broadest possible phylogenetic distribution’, with 13 mono-
saccharides and eight amino acids participating to connect the sugar to the protein in at least 41 ways; ‘this in
most instances determines the nature of the carbohydrate units that will subsequently be formed by the cellular
enzymatic machinery’ [95].

This general information is a strong argument for far-reaching significance of the glycan part, beyond non-
specific factors, such as a solubility, increase conveyed by the sugars [96]. Not long ago, ‘on the whole, the role
of many glycans remains obscure and the subject of speculation or controversy. ‘As pointed out by Albert
Neuberger in 1974: ‘we are now faced with the major problem of the biological function of the glycoproteins.’
However, we can be optimistic about the future ... we have entered the golden age of glycoconjugates’ [97]. In
view of the sugars’ capacity to build signals the statement that ‘the significance of the glycosyl residues is to
impart a discrete recognitional role on the protein’ [14] proved to be prophetic.

A simple manipulation of the glycans of the serum glycoprotein ceruloplasmin as test model, i.e. removal of
sialic acids to expose Gal residues, provided convincing support for this concept. In the course of studying
hepatic clearance of this carrier of copper ions from serum, it was revealed ‘that, in contradistinction to hom-
ologous, native ceruloplasmin, which survives for days in the serum of rabbits, intravenously injected asialocer-
uloplasmin [desialylation by neuraminidase of Vibrio cholerae] disappears from the circulation within minutes
and accumulates simultaneously in the parenchymal cells of the liver’ [98]. The hypothesis that the glycan is
the molecular address for cell-type specific delivery was verified by covalently coupling glycopeptides from the
glycoprotein fetuin to lysozyme and albumin using toluene-2,4-diisocyanate and testing clearance from serum:
indeed, the glycan chains were the postal code for delivery of the synthetic neoglycoproteins to the liver, in full
agreement with the observations of impact of sialic acid removal from a glycoprotein. Thus, ‘the coupling tech-
nique offers a feasible method for directing the hepatic uptake of various proteins that otherwise would not
‘home’ to the liver’[99].

As predicted by the concept for glycan-lectin recognition, a (C-type) lectin was assumed to be expressed as
a receptor for the molecular (glycan-encoded address: it was purified from detergent extracts of acetone
powder prepared from the rabbit liver [100]. Homing by this type of interaction also works at the cellular-level
raising monoclonal antibodies against cell preparations was crucial to unveil the first evidence for the status of
endogenous lectins as cell adhesion molecules [43]. The combination of using monoclonal antibodies (against
what turned out to be members of the selectin group of C-type lectins, e.g. L-selectin (CD62L, initially called
MEL-14 antigen) [101,102]) and enzymatic glycan digestion on the endothelial cell surface, e.g. desialylation
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with bacterial neuraminidase [103], was the breakthrough to defining the biochemical basis for the initial
contact between leukocytes and vascular endothelium in lymphocyte homing (the biochemical properties that
underlie the rapid and specific contact building in the bloodstream will be presented below). These two exam-
ples provide a strong incentive to present information on glycan structures associated with proteins with an eye
on their potential for recognition, starting with N-glycans.

The conjugation of GIcNAc to the amide group of an Asn moiety in an acceptor sequon of a protein to
form an N-glycoside explains the origin of the term N-glycosylation. This process is co-translational at the
signal-peptide-dependent entry of the protein into the endoplasmic reticulum (ER) and involves the transfer of
a preformed GIcNAc,MangGlc; precursor from a lipid donor to the protein’s sequon [17,104]. The 14-mer
glycan is processed along the glycoproteins’ routing to the Golgi by stepwise losses of sugar units, then reaching
its mature form in the Golgi. The core heptasaccharide, a structure common to the three main types of
N-glycans, is shown in the center of Figure 9. Looking at processing steps toward this core, the immediate trim-
ming of the 14-mer glycan ensures irreversibility for the transfer reaction and thereafter the transient presence
of Glc;MangGlcNAc, as a ligand for the ER-based molecular lectin chaperones (calnexin and calreticulin) that
have the B-sandwich fold (Figure 5) [105-107]. In the next phase, following the complete removal of Glc moi-
eties from N-glycans (please note that presence of Glc in the blood precludes firm contacts between Glc as self-
epitope and all other tissue lectins, explaining this strict negative selection for the composition of mature
glycans), the glycoproteins are transported to the Golgi involving lectin shuttles and further trimming [108-
110]. At this stage, quality control by lectin recognition also involves sensing of any accessibility of the
GIcNAc, (stem) region. It is a signal for the presence of unfolded regions. This misfolded protein hereby
becomes subject to ubiquitin labeling to direct it to ER-associated degradation by the SCF ubiquitin ligase
complex. It contains the F-box proteins Fbs1/2 with their B-sandwich fold (shown in Figure 5) as sensor for
accessibility of the GIcNAc, stem [111]. Having hereby assisted in quality control and routing mechanisms in
the first phase of the passage from ER entry to secretion, the 14-mer glycan precursor has fulfilled its mission.
What happens along the second part of this pathway and why?

Phenomenologically, a wide range of diversity is generated from the platform shown in Figure 9 by various
means given in Figure 10: (i) core substitutions by introducing an al,6-linked Fuc to the proximal GIcNAc of
the stem or a B1,4-linked GIcNAc to the central Man unit of the N-glycan hepta- or pentasaccharide core that
both are not starting points for elongation, (ii) introduction of branches to the core pentasaccharide by GnTs
with specificity to the type of Man residue and the linkage positions ($1,2; B1,4; f1,6) up to penta-antennary
complex-type N-glycans (with B1,6-branches accessing a larger conformational space than p1,2/4-branches due
to the presence of the three-bond system (®, ¥, w-angles) with the exocyclic C5-C6 linkage of the sugar added
to the glycosidic bond), (iii) addition of GalPl,4GlcNAc (LacNAc) repeats to branches, especially the
B1,6-branch and (iv) terminal tailoring to place distinct determinants at branch ends suited for recognition at
different stages of their maturation, for example, yielding Gal/GalNAcB1,4GlcNAc (LacNAc/LacdiNAc)- or
02,3/6 sialic acid/4-sulfate-terminated chains or their elaboration to histo-blood group ABH/(s)Le*/Le" epitopes.
Each of the four routes to diversity has impacted functional pairing with lectins.

The two types of core substituents have twofold functionality: their absence/presence channel the respective
substrates to a distinct pathway for either hybrid- or complex-type N-glycan synthesis, and they act as conform-
ational switches in the respective N-glycans, hereby modulating their affinity to lectins [16,112]. The increase in
the number of branches by GnT action is positively correlated to the local density of head groups. The first
contact between such a cluster of glycans and a lectin is of particularly high affinity, as measured for human
galectins [113]. Stepwise loading of the LacNAc branch ends of the three N-glycans of the glycoprotein asialo-
fetuin with lectin up to saturation proceeds with lowered affinity [113]. With functional perspective, the ability
of glycoproteins to be connected by lectin bridges to build glycoprotein-lectin aggregates depends on the extent
of glycan branching [114,115] (and the type of protein architecture that underlies functional antagonism;
please see below). In the case of the Glc transporter 2 that is essential for Glc-stimulated insulin secretion,
reducing the number of N-glycan branches shortens its time of residency on the pancreatic B cell surface,
assumedly by diminishing its capacity to engage in aggregate formation with a cross-linking galectin, i.e.
tandem-repeat-type galectin-9 [116].

The mentioned branch extension by adding LacNAc in tandem-repeat display increases the overall length
of the chain, thus the accessibility to this section of the N-glycan and also to the branch end. In an analo-
gous manner, membrane-spanning lectins, such as the selectins and sialic acid-binding immunoglobulin-like
lectins (siglecs), have spacer repeats to place the terminal C-type CRD or V (=variable)-set Ig-like module as
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Figure 9. Structural design of vertebrate N-glycans. Part 1 of 2
lllustration of the three types of N-glycans that originate from the common core heptasaccharide. GnT-I-dependent
incorporation of a GIcNAc residue into the o1,3-branch opens two routes, i.e. to the hybrid-type N-glycans (left, without
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Figure 9. Structural design of vertebrate N-glycans. Part 2 of 2
trimming of the core by removing two Man moieties from the o1,6-branch) and to the complex-type N-glycans after the
trimming and addition of the second GlcNAc residue by GnT-lIl into the a1,6-branch (right). Extent of branching can be
increased to up to five antennae. Addition of the bisecting GIcNAc by GnT-lll is a signal for pathway commitment to certain
products: its presence prevents actions of a-mannosidase Il (therefore directing N-glycan production to the hybrid-type
structure), GnT-Il, GnT-IV and GnT-V (determining the extent of branching) and also affects the N-glycan’s conformational
space, as the addition of the a1,6-linked fucose moiety to the core also does (core substitutions symbolized in parentheses).
Together with the heptasaccharide core, its Mang—Mang-containing precursors constitute the class of high-mannose-type
glycans that can be trimmed to paucimannosidic structures or — in yeast — extended by hypermannosylation (bottom). The
Mang-containing precursor is the platform for introducing phosphate (at the 6-position) in an enzymatic two-step process as a
label for N-glycan recognition by the two P-type lectins that are specific for Man-6-phosphate presented in this structural
context (Figure 3a). The positions of the four additional Man residues and the two phosphate groups are given in brackets.

CRD well above the bulk surface glycoproteins (16 C2-set immunoglobulin (Ig)-like repeats in the case of
siglec-1 (sialoadhesin)), all to ensure perfect outreach. Not surprisingly, the relatively long branches with
LacNAc repeats often participate in glycoprotein cross-linking by lectins leading to lattice formation. In add-
ition, these repeats themselves are more than spacers. They are high-affinity docking sites for several galec-
tins, e.g. galectin-1 at the terminal site, galectin-3 in the internal region [79,117]. This fine-tuning between
galectins makes selective masking of the internal sites for galectin-3 binding possible by local glycan cluster-
ing, while maintaining the binding activity for galectin-1 [118]. Spatial accessibility and ligand properties
always converge to enable avidity for lectin binding. That fine-tuning of a glycan for lectin binding is a
common principle becomes most apparent by examining ligand properties along the route of N-glycan chain
elongation. We start this survey by dealing with N-glycans that present GIcNAc in the context of the
heptasaccharide core.

Terminal GIcNAc is recognized by several tissue lectins, a manifestation of the fundamental principle given
above: the oy-chain of the oyf,-integrin (CR3, CD11b, Mac-1), a signal for platelet clearance by phagocytic
cells [119], the C-type lectin langerin [85], the liver and lymph node sinusoidal endothelial cell C-type lectin
LSECtin (CLEC4G) [120], the human DCIR (CLEC4A, CLECSF6) [121] and the dendritic cell-specific
ICAM3-grabbing nonintegrin-related protein DC-SIGNR (CD299, LSIGN, CLEC4M) [122], also collectins and
ficolins when presented in clusters by multi-antennary N-glycans [123]. Elongation of the GlcNAc-terminated
branch by galactosyltransferase-mediated Gal incorporation switches off these recognition processes, making
the glycan ‘attractive’ for new tissue receptors. Among them are the previously mentioned hepatic asialoglyco-
protein receptor and the blood dendritic cell antigen 2 (BDCA-2, CD303, CLEC4C). This receptor of biantenn-
ary complex-type N-glycans down-regulates type I interferon production, a possible link between a glycan
signal (Gal on N-glycans of immunoglobulins) and activity of the immune system [124]. A special role to
supervise correct ligand selection is played by the Ca®* in these C-type lectins [125]. Coordination bonding
with the C-type lectins’ Ca** involves the axial 4-OH position and also the 3-position, hereby reliably excluding
Man/Glc with its equatorial 4-position. The same goal is achieved by hydrogen binding to the 4,6-positions by
the galectins, teamed up with C-H/n-interactions of the B face C-H groups with m-electrons of the suitably
positioned Trp residue, which explains its occurrence in the galectins’ signature sequence, as already mentioned
above. Alternatively, the introduction of GalNAc to form a GalNAcB1,4GlcNAc (LacdiNAc) terminus, a charac-
teristic compound of parasite (schistosome) surfaces shown in Figure 10, restricts galectin binding to galectin-3
[126] and proto-type galectins-2 and -7 [127]. By the way, the chemical bottom-up surface programming of
nanoparticles (glycodendrimersomes) affords a remarkably tunable test system [128,129]. This
protein-type-specific 4-substitution of LacdiNAc by O-sulfation then drastically alters the character of the
glycan. Now the headgroup is a routing signal for pituitary glycoprotein hormones leading to glycoprotein
uptake by the hepatic reticuloendothelial cell receptor, contact made by its p-trefoil CRD [130,131].

The sialylation of LacNAc, either in 02,3- or in 02,6-linkage, is more common than adding GalNAc. Since
one of these acceptor hydroxyl groups is now blocked, contact to either the mentioned C-type lectins (in 3-
position) or the galectins (in 6-position) will no longer be possible. Thus, 02,6-sialylation of LacNAc (or
LacdiNAc) is a means to mask counterreceptors (for galectins), and this is used in growth regulation, for
which we provide a graphic example. Deficiency in the tumor suppressor p16™~** is often encountered in
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Figure 10. Examples for structural diversity in complex-type N-glycans.

lllustration of four routes of introducing diversity into the platform of the common core of complex-type N-glycans (center): it
can be substituted by the bisecting GIcNAc and the core fucose units (please see also Figure 9), it can receive up to five
branches by the action of specific GnTs, p1,4/6-branches in the o.1,6-arm can be elongated by LacNAc repeats and branch
termini can be tailored to present specific signals such as the 02,3/6-sialylated and (4-O-sulfated) LacdiNAc epitopes. Of
course, combinations of these enzymatic reactions are possible, opening the way to a wide diversity by permutations.

pancreatic carcinoma. Among other losses and thus deviation from homeostasis, this deficiency is the cause for
lifting the strict control of sialic acid biosynthesis and thus allowing high-level 02,6-sialylation. As a conse-
quence, the osf;-integrin (fibronectin receptor) of pancreatic carcinoma (Capan-1) cells can no longer interact
with the homodimeric (cross-linking) galectin-1. Restoration of the tumor suppressor’s activity down-regulates
sialic acid availability and hereby the extent of sialylation, flanked by concomitant up-regulation of galectin-1
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and osf-integrin presence to optimize the final effect, so that lattice formation between the integrin and the
galectin induces anoikis via downstream stimulation of focal adhesion kinase and then of caspase-8 [132]. In
this case, sialylation precludes glycoprotein clustering by lectin contact and bridging.

In contrast, as a docking site itself, the sialic acid is a key determinant for recognition by siglecs, siglec-2
(CD22) being a receptor for 0.2,6-sialylated N-glycans [133]. In viral (influenza) infections caused by hemagglu-
tinin binding, the linkage positions even govern the host specificity [134]. It is, therefore, not surprising that
0.2,3/6-sialyltransferases show a certain degree of branch specificity in tri- and tetra-antennary N-glycans [135].
Similarly, the addition of another anionic substituent, i.e. the phosphate group at the 6-position in two distinct
Man moieties of a high-mannose-type N-glycan (Figures 3 and 9), establishes a docking site for lectins, i.e. the
two P-type lectins that transport hydrolytic enzymes to their sites of action in lysosomes [136,137]. What these
examples are telling us, in general, is that the assembly/processing of N-glycans and the presence of a panel of
tissue lectins facilitate multiple interactions in a specific manner. This fundamental lesson encourages us to put
this idea to the test for a further class of frequent protein glycosylation already mentioned above, i.e. mucin-
type O-glycosylation initiated by GalNAc transfer to the hydroxyl group of serine or threonine.

Like N-glycosylation, this type of glycan conjugation, started by 20 isoenzymes as noted above, and the elab-
oration of the growing glycan can take different routes in order to generate a large product panel. Common
themes are stepwise additions of a sugar, occurrence of branching, addition of LacNAc repeats in the core 2(/4)
branches and tailoring of branch ends to yield ABH/(s)Le"/Le” epitopes (Figure 11). The first product of this
type of glycosylation is the o-GalNAc adduct, known as Tn antigen (CD175) [43]. The macrophage galactose
(-binding C)-type lectin (MGL, CD301, CLEC10A), closely related to the hepatic asialoglycoprotein receptor,
binds this epitope [138,139]. Due to its contacts to the 3,4-hydroxyl groups by coordination bonding further
processing by 0.2,6-sialylation (mostly by ST6GalNAc-I, one of the six 02,6-sialyltransferases using GalNAc in
O-glycans and in gangliosides as substrate [19]) to yield sialyl (s)Tn does not impair this binding [140]. As a
new contact point, the presence of the sialic acid makes siglec binding possible, as noted above for
0.2,6-sialylation of N-glycans and siglec-2, in this case first documented for siglecs-2, -3, -5 and -6 [141]. As a
consequence of this binding to siglec-15, outside-in signaling is triggered so that TGF-B, secretion will be
enhanced by the contact between monocytes and lung carcinoma cells, a factor to shape a protumoral micro-
environment [142,143]. Of note, such case studies illustrate that different types of endogenous lectins take the
routes to functionality as compiled in Figure 8.

Similarly acting on the levels of immune mediators, and this in positive or negative ways, paired receptors of
the immunoglobulin superfamily with their siglec-like V-set extracellular CRD and intracellular pairing poten-
tial to SHP1/2 or DAPI2 (in their cytoplasmic tail) also target sTn [144-146]. This disaccharide can, therefore,
be considered as a signal for immunoregulation by lectin recognition. At this stage, in addition to the presence
of the epitope, its density comes into play, making contacts at distinct sites likely, hereby underlining the func-
tional significance of having an elaborate enzymatic machinery at hand [147].

This type of modification is not only present on the Tn epitope. In fact, 02,6-sialylation (by ST6GalNAc-II)
operates on an alternative product of enzymatic Tn processing, i.e. Bl1,3-galactosylation to generate the TF
disaccharide (CD176; detected by O. Thomsen and his assistant V. Friedenreich, the origin of the acronym
‘TF’) (Figure 11). This glycan’s interaction with a galectin, i.e. galectin-3 [148], appears to be relevant for breast
cancer metastasis so that abrogating its ligand properties by 0:2,6-sialylation has been postulated to justify refer-
ring to the enzyme ST6GalNAc-II as tumor suppressor [149]. In addition to endogenous lectins, bacterial adhe-
sins are known to be receptors for this epitope (and for other types of glycan determinants), likely contributing
to guide colonization of organs such as the gut [150]. When this core 1-producing galactosyltransferase
co-operates with 02,3-sialyltransferase to produce the 02,3-sialylated TF antigen and a receptor (galectin-4) is
present, the resulting constellation has been implicated in the progression of castration-resistant prostate cancer
[151]. The o2,3-sialylation of the TF determinant is not only conducive for Gal-4 binding. It also turns the
disaccharide into a ligand for siglecs starting with siglec-1 [152]. Moreover, siglecs-3, -7, -9 and -10 share this
property, the binding of the mucin MUCI presenting this determinant on tumor cells by siglec-9 of myeloid
cells favoring tumor progression by inducing the tumor-associated phenotype of macrophages with its protu-
moral secretion pattern [153]. At this stage, the o-GalNAc core unit can also be sialylated. Disialylation of the
TF antigen establishes a potent signal for contact suited for siglec-4 (myelin-associated glycoprotein, MAG)
binding, with the potential to attenuate its negative impact on axon regeneration when used as inhibitor
in vitro [154,155]. To summarize, as seen for N-glycans above, each component of this synthetic route shown
in Figure 11 has its own ligand properties, and there is more.
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Figure 11. Structural design of vertebrate mucin-type core 1/2 O-glycans.
lllustration of pathways of mucin-type O-glycan synthesis from initial GaINAc conjugation to Ser/Thr moieties yielding core 1/2
structures.

Instead of the sialylation steps, TF antigen can alternatively become a substrate for chain elongation by LacNAc
repeats or for branching to yield the core 2 structure, physiologically a double-edged sword. As seen in the
N-glycans in an analogous manner (Figure 9), one of the three GnTs with p1,6-specificity (that recruit the exocyc-
lic hydroxymethyl group for building a three-bond system with high-degree flexibility as in a2,6-sialylation) initi-
ates core 2 O-glycan branching (Figure 11). Its significance by way of galectin binding is exemplified by the
following cases on tumor growth regulation. Likely unfavorable for a patient, galectin-3 binding to core 2
O-glycans with LacNAc repeats on a target of a natural killer (NK) cell-activating receptor, ie. MHC class
I-related chain A, turned out to help bladder cells avoid NK cell-mediated death [156]. Galectin-1 binding to core
2 O-glycans, in contrast, induces prostate cancer (LNCaP) cell apoptosis [157]. Beyond the presence of branching
and the introduction of LacNAc repeats, the tailoring at branch ends of core 2 O-glycans is significant, a recurring
theme in glycan synthesis. Elaboration toward (sialyl) Lewis™ epitopes, mentioned above among the SSEAs, allows
docking sites for r-selectin, here with 6-sulfation in the GIcNAc moiety [158], and for P-selectin to become
prominently exposed on the branch ends of core 2 O-glycans [159,160]. In the context of P-selectin glycoprotein
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ligand 1, co-ordinated binding to this epitope attached to Thrl6 and to the two sulfated Tyr moieties (Tys7/
Tys10) yields a high k,,-value with a Kp of 0.3 wM to enable rapid association (like anchoring a ship) to slow
down cell transport in the bloodstream to a rolling [161]. The essential role of the sugar in selectin binding is
underscored by the clinical consequence of impaired fucosylation, i.e. the development of leukocyte adhesion defi-
ciency II, also called congenital disorder of glycosylation IIc [162-164]. The inclusion of a peptide portion in the
recognition process, as also seen for the paired siglec-like immunoreceptor PILRa, the C-type lectin CLEC-2 or
galectin-9 [165,166], is a means to gain target specificity for the functional pairing, to select, for example, CD99,
podoplanin or IgE as counterreceptor in the mentioned cases.

In general, it emerges as a basic rule that synthetic pathways for glycans of glycoproteins prepare sets of signals.
At each stage along the pathway, every glycan has its distinct meaning ‘read’ by the corresponding receptors.
Having seen sialic acids to occur frequently as a building block, it is worth noting that their O-acetylation, 9-
O-acetylation revealed to be essential for murine development from the two-cell stage onwards [167], and
de-O-acetylation by O-acetylesterases have the potential to modulate ligand properties to selectins and siglecs
[168,169], as (N-)acetylation affects histone properties in gene regulation with its own system of ‘writers’, ‘readers’
and ‘erasers’. After all, each product has its own specific set of interaction partner(s) in our context on the side of
tissue lectins. Realization of this fundamental principle also shows up in other, less frequent types of protein
O-glycosylation. O-Fucosylation of epidermal growth factor- or thrombospondin type 1-like repeats integrates a site
for intermolecular contact building and also intramolecular domain stabilization into the proteins [170]. In crystals,
O-fucose glycans are remarkably visible so that they earned a reputation as ‘surrogate amino acids’ [171,172].

Another type of protein glycosylation is O-mannosylation. Association of multiple forms of congenital muscular
dystrophy to defects in O-mannosylation is a definitive sign for their physiological relevance [164,173], as participa-
tion of such glycan chains in compensatory glycan restructuring in KO mice mentioned and indicated above. This
type of glycosylation encompasses three core structures. Besides producing mucin-type O-glycan core 2-like glycans
[174,175], the particular core 3 preparation with mannose phosphorylation and ribitol-5-phosphate incorporation
builds the acceptor for GlcAP1,4Xyl repeat synthesis to obtain a matriglycan on o-dystroglycan, the ligand for the
Ca”*-dependent contact to the B-sandwich-type laminin G-like CRD in the laminin 02 chain and in other large
multidomain glycoproteins such as agrin, neurexin and perlecan, an essential factor for muscle function [176].

Structurally, the design of this polysaccharide with a disaccharide-repeat unit is similar to the respective glycosa-
minoglycan chains of proteoglycans [177]. As shown in Figure 1 (by gaining a shift to the skew-boat (*Sy) con-
former through GlcA-to-IdoA epimerization and, even more accentuated, subsequent 2-O-sulfation in IdoA and
presence of sulfate groups in the vicinity that then facilitates a snuggly fit to the receptor) as well as in Figure 3d
(by presenting the structural context of the heparin pentasaccharide with its N,O-sulfation pattern for high-affinity
binding of antithrombin III), these chains, too, contribute to the pool of protein-bound glycans that become
ligands. Considering the size of the toolbox, the conclusion that proteins are a versatile platform for presenting
glycans as signals is indisputable. As illustrated in Figure 8, their functional pairing with lectins is significant for
many aspects of cellular physiology. Thus, this surely is a part of the answer to the pertinent question ‘why mam-
malian cell surface proteins are glycoproteins’ [178], and we can apply this insight to answering the next question.

Already at the time of their discovery, (glyco)sphingolipids were understood to pose enigmas as difficult to
solve as the famous mythological riddle of the Sphinx of Thebes. This explains why J. L. W. Thudichum chose
to call these sugar-containing lipid compounds, which he discovered and characterized from the brain, the
(glyco)sphingolipids [179,180]. The cerebrosides with their single carbohydrate head group, the neutral glyco-
sphingolipids with glycan chains (free of a negative charge) and the gangliosides with sialic acids in their
glycan chain, named in analogy to Thudichum’s term cerebroside and their abundant presence in ganglia cells
[181,182], indeed have been (and still are) molecules in search of functions. Providing an anchor to position
lectin-binding glycans on a surface for functional pairing is emerging as one of them.

Glycosphingolipids: platform for presenting

glycan-encoded information

Structurally, two characteristics of the sphingolipid backbone predestine it to become this type of general plat-
form: (i) two lipid anchors, i.e. the C16 (palmitoyl) chain as part of sphingosine (the common precursor), and
the second acyl, whose chain length can go up to C26 as source for variability, and (ii) the serine-derived
hydroxyl group as an acceptor for carbohydrate in the f-anomeric position (Glc or Gal) (Figure 12). In this
sense, the attached glycan chains can be formally classified as membrane-anchored O-glycans. Fittingly,
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Figure 12. Structural characteristics of glycosphingolipids.

lllustration of de novo glycosphingolipid synthesis by adding a second acy! chain (of variable length) to sphinganine
(dihydrosphingosine) by ceramide synthases (six genes in mammals), then subsequently oxidizing the dihydroceramide by a
desaturase and using the serine-derived hydroxyl group of the ceramide as an acceptor site for sugar to initiate glycosylation
of the ceramide. The salvage pathway recycles sphingosine directly for ceramide production by ceramide synthases.

Golgi-resident glycosyltransferases are known to be involved in acting on both on sugar chains of mucin-type
glycoproteins and of glycosphingolipids. The length of the sugar chain (starting at 1 for galacto- or glucocereb-
rosides and the acidic (3-O-sulfated) galactocerebroside (sulfatide, SM4)), its sequence, the anomeric position
and the linkage points of each unit in the glycan as well as the presence of sulfate/sialic acid are the determi-
nants that assign glycosphingolipids into groups (Table 2). Since the number of known structures for both
neutral and acidic glycans is in the range of 200 [183-188], the glycosphingolipids readily fulfill the criterion to
offer diversity for molecular recognition processes. Clinically, cholera is a manifestation of such an interaction:
the lectin part of the bacterial AB5 toxin associates with the pentasaccharide of cell surface ganglioside GM1,
and achieves this by selecting a distinct conformer (Figure 4) [189,190]. Hydrophobic contacts in the mem-
brane among acyl chains and with proteins, together with cholesterol, are helpful to allow the glycolipids to
become organized in aggregates (microdomains), with their glycan head groups in close vicinity. Adding to the
branching in N- and O-glycans and organization of O-glycans in clusters in mucin sequence regions in glyco-
proteins, such an architecture microdomain is suited to reach the aim of high affinity in glycan-lectin binding.
Looking first at the sulfatide, a unique cerebroside sulfotransferase catalyzes the site-specific sulfation of the
Gal moiety (Gal3ST-1; [191]). N- and core 1 O-glycans of glycoproteins have their own three sulfotransferases
for 3-O-sulfation of terminal Gal, each with its own acceptor profile [192]. They form a group within the 35
Golgi-resident human sulfotransferases using glycoconjugates as a substrate [193]. The fundamental principle
of diversification is clearly at work in any section of the toolbox for glycan-lectin recognition, and the next
paragraph answers the eminent question on the physiological relevance of sulfatide as docking site for lectin(s).

© 2019 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society



Biochemical Journal (2019) 476 2623-2655 °
https://doi.org/10.1042/BCJ20170853 [ ..
Table 2 Classification of glycosphingolipids into groups (with examples)
Neutral GSL
Galactosylceramide OH Ch,0H NH
HO%O\)\/\/\/\/\/\/\/\/
OH OH
GalCer
Globotetraosylceramide OHchon  OHch,om
HO. R O%O
NHAc  HO o
o CH,OH NH
HONS ik szWV\/W\/
OH
OH OH
GalNAcB1,3Galal ,4GalB1,4GlcB1-Cer
Lactotetraosylceramide @g‘ﬁ ﬁi OH CHng . CHng -
HO o. O&/Hmo N
on NHAC on = W
OH
GalB1,3GlcNACcB1,3GalB1,4GlcB1-Cer
Acidic GSL
3'-Sulfogalactosylceramide o OH CH,0H NH
(Sulfatide) '0—%—0%0\)\(\/\/\/\/\/\/\/
I o I
3'-Sulfo-GalCer
*Ganglioside GM1 OHgron  OH cryom
Gangl@s@e GD1a O\LSJ:SO /og&o O choH CH,OH N 9 VN
***Ganglioside GT1b "00C OH NHAC @/om
0 0 HO o A
on o0c o = \)\MMMA/
2 e} OH
HO. OH
o]
CHZOH
CH,0H CH,
*GM1: Gal1,3GalNAcB1,4(Neu5Aco2,3)GalB1,4GlcCer
**GD1a: Neu5Aco2,3Galf1,3GalNAcB1,4(NeuAco2,3)GalB1,4GlcCer
***GT1b: NeuSAco2,3GalB1,3GalNAcB1,4(NeuSAco2,8NeuAco2,3)GalB1,4GlcCer
By processing galactocerebroside, a contact point for cell attachment to laminin [194,195] and for tumor
cell — myeloid cell/platelet adhesion via 1- and P-selectins, similar to that mediated by the sialyl Le* epitope, is
established [196-198]. Cell adhesion by binding to sulfatides is also mediated by the C-type CRD of the multi-
modular proteoglycans of the hyalectan/lectican group such as aggrecan or brevican [199]. The presentation of
the sulfatides on the cell surface and recognition by the Ig-like receptor LMIR5 (CD300b), which teams up
intracellularly with DAP12 to elicit cellular activation, is a proved route toward immunomodulation, experi-
mentally measured in terms of induced MCP-1 production in basophils [200]. As a signal involved in the
routing of distinct glycoproteins, the bivalent galectin-4, a tandem-repeat-type protein (Figure 7), brings its
high-affinity ligand on detergent-resistant membranes (preferentially sulfatide species with long-chain fatty
acids up to C26) together with LacNAc-bearing N-glycans of cargo glycoproteins. This, for example, is
dipeptidylpeptidase-IV in the apical transport of polarized epithelial cells [201-204] or it is neural cell adhesion
molecule L1 in its axonal sequestration, as shown in Figure 13 (Supplementary Material, Figure S1) [205].
What emerges from this inspection of interactions of the sulfatide with lectins beyond their individual sig-
nificance is a functional versatility of the glycosphingolipid head group that matches the respective glycan spec-
trum of glycoproteins. Depending on the context and the type of receptor, the sugar signal is embedded in
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Figure 13. Galectin-4 as a bridge between sulfatide and complex-type N-glycans of glycoprotein(s) in cargo routing.
lllustration of the two CRDs of the tandem-repeat-type galectin-4 (please see Figure 7) in contact with their distinct
counterreceptors, i.e. sulfatide (routing signal) and LacNAc-terminating complex-type N-glycans (cargo). As heterobifunctional
cross-linker, this galectin connects its two physiological ligands to facilitate routing of cargo (glycoprotein; here L1) to
particular destinations (for details, please see [205]).

pathways that reach different outcomes. This general lesson applies to glycosphingolipids with more complex
carbohydrate structures than the 3-O-sulfated Gal in exactly the same way. Examples for such glycans are
shown in Table 2. Offering sialic acid(s) as a docking site(s), the gangliosides play multifarious roles, as illu-
strated especially for mucin-type O-glycans, siglecs often acting as receptors. Siglec-7, for example, binds to di-
and trisialogangliosides (and to mucin-type O-glycans) in the course of tumor-NK cell communication and of
adhesion [206-208]. In the nervous system, siglec-4 harbors special affinity for the tri(T)- and di(D)sialylated
gangliosides GT1b and GDla, whose structures are shown in Table 2 and by using symbols in Figure 14

Cer
GT1b
Cer Cer
GD1b
GD1a
Cer
GM1

Figure 14. Dynamic enzymatic conversion of gangliosides.

lllustration how tightly controlled processing of ganglioside glycans alters the profile of binding partners for tissue lectins.
Ganglioside GT1b is a substrate for cell surface ganglioside sialidase (neuraminidase 3, Neu3). Its activity yields GD1a/b. In the
second Neu3-dependent step, a second sialic acid moiety is removed to generate the pentasaccharide of ganglioside GM1.

In terms of recognition, a docking site for siglec-4 is turned into a counterreceptor for galectin-1.
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[209,210]. This trans-interaction maintains regular spacing between the innermost myelin layer and the axon
surfaces, and it is a channel for communication, for example, for neurite outgrowth inhibition and protective
signaling to the axon [211,212]. Homodimerization (in cis) via the fourth and fifth Ig-like domains underlies
the signaling activity in both directions [213]. Taking the scenario shown in Figure 13 one step further,
cis-interactions between gangliosides and bi- to oligovalent lectins (such as the already mentioned cholera
toxin) are possible. With broad significance, gangliosides (in clusters in microdomains) embody a platform for
facilitating a switch to starting growth-regulatory programs.

At the biochemical level, the molecular nature of turning from red to green light is enzymatic desialylation,
as included in Figure 14. The responsible enzyme, i.e. cell surface ganglioside sialidase (neuraminidase 3,
Neu3), exhibits a remarkable degree of activity regulation. Increase in cell density was correlated to the conver-
sion of gangliosides GT1b and GDla to GM1, and blocking this process by a Neu3 inhibitor precluded the
onset of growth control and differentiation in the neuroblastoma cells, pointing to a functional correlation
[214-216]. When forcing sialic acid removal from these gangliosides by applying a bacterial sialidase as a tool,
neurite outgrowth (after a Ca®" influx) was induced in neuroblastoma cells, and, of note, it was prevented by
the presence of an antibody against ganglioside GM1 [217].

Putting these pieces of the puzzle on the workings of this type of glycan remodeling together, the following
picture emerges: a (cryptic) message (GT1b/GDla glycans) is available on-site (that has its own meaning as
siglec ligand). In the course of a cellular activation/differentiation program, the enzymatic ‘re-writing’ (by
Neu3-dependent desialylation) turns the GT1b/GDla glycans into the GM1 pentasaccharide (Figure 14). As
the mentioned case of carcinoma growth control by a tumor suppressor with glycoprotein N-glycans and
galectin-1 has taught us, the switch between the absence/presence of sialic acid establishes a molecular switch.
The new ‘code word’ will then be ‘read’ by an endogenous lectin. Regulation of its presence at the right site is a
means of optimizing the response, and lectin-dependent cross-linking should be able to elicit the measured
bioresponse.

The given assumptions gave research a clear direction and led to the identification of galectin-1 as ganglio-
side GM1 receptor that selects a glycan conformer different from that bound by cholera toxin’s lectin subunits
(Figure 4) [218]. Co-ordinated growth control of human neuroblastoma cells [219,220], induction of axon-like
neurite outgrowth in murine neuroblastoma cells and primary cerebellar granular neurons [221] as well as
attenuation of auto-immune activity of activated effector T cells by regulatory T cells [222] all include this
galectin as a missing part of the puzzle along with the Neu3 activation (for review, please see [223,224]).
Gangliosides GD1a/GM1 as counterreceptors, the Neu3 residing in microdomains [225] and pulling the trigger
by GDla-to-GM1 conversion as well as galectin-1 as effector form a potent team. The association of the gan-
glioside in microdomains to osB;-integrin, this glycoprotein itself being a galectin-1 counterreceptor if suitably
glycosylated, then opens this route of signaling within T cell communication: autophosphorylation of focal
adhesion kinase by galectin-1-dependent clustering of the a;f;-integrin that leads to the activation of phospho-
lipase Cy and phosphoinositide-3 kinase and finally to Ca®" influx by opening TRPC5 channels, as shown in
Figure 15 (Supplementary Material, Figure S2).

Ganglioside GM1 has aspects of functionality beyond its interaction with galectins. It can also associate in cis
with other microdomain constituents such as tropomyosin-related kinase A (TrkA), the protein tyrosine kinase
receptor for nerve growth factor, thus another target of regulation by ganglioside GM1 presence (for details on
the chain of events to axon growth, please see Supplementary Material, Figure S3) [226].

On the receptor site, laminin-1, too, is a binding partner for this ganglioside, an alternative starting point to
trigger neurite outgrowth [227]. These examples illustrate that ganglioside GM1 has ‘a multi-tasked life’ and is
‘a true factotum of Nature’ [226]. In all these cases, the tight spatial organization of the ligand in microdomains
is a factor favoring the outcome, that is positioning the right glycan (in its suited conformer; Figure 4) in the
optimal spatial context in terms of local density and association to components involved in signaling. The
interplay of these two factors even leads to carbohydrate-carbohydrate recognition between a ganglioside and
glycan chains of a glycoprotein. The inhibitory activity of ganglioside GM3 on the epidermal growth factor
receptor was attributed to an interaction between the ganglioside’s trisaccharide and multiple GIctNAc termini
of N-glycans of the glycoprotein [228]. In more general terms, this type of recognition, albeit weak, can
produce sufficient strength combined with selectivity and specificity when binding partners are arranged in
clusters, that is complementarily positioned [229].

In summary, when setting the insights on glycosphingolipid head group processing into relation to glycopro-
tein tailoring, we come up with the common rule that structural changes on glycans (a site-specific
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Figure 15. Functional pairing of galectin-1 and its counterreceptor(s) in inter-T cell communication/neuritogenesis.
lllustration of the chain of events from initial shift in ganglioside profile to a cellular response, starting with the enzyme Neu3. Its
activity increases the presence of ganglioside GM1, as shown in Figure 14. This ganglioside associates with integrins like
asB4-integrin and, when presented in clusters, is a high-affinity counterreceptor for galectin-1. Its cross-linking capacity forms
tight aggregates with the integrin, what triggers the focal adhesion kinase pathway of signaling. It results in Ca®* influx by
opening TRPC5 channels (for details, please see [221,222]).

modification such as 3-O-sulfation of Gal or a loss of one unit from an oligomer) gain a functional dimension
by lectin recognition in situ. Dynamic remodeling and coregulation of lectin and cognate glycan fine-tune the
extent of interplay spatiotemporally. That sets of glycans of both glycoproteins and glycolipids, e.g. LacNAc
termini of N-glycans or core M1/M2 O-mannose chains, core 2 O-glycans and ganglioside GM1, are accommo-
dated by the same tissue lectin, here galectin-1, gives the recognition system versatility in regulation and in
response profile. It would mean missing opportunities to gain optimal response patterns, if the principle to
provide versatility were not operative at the level of the architecture of CRD display by lectins. This reasoning
takes us from the structural description of lectins given above to an understanding of the significance of the
types of their modular architecture.

Lectins: platform for multi-purpose CRD presentation

As a part of membranes, the most distal section of lectins (e.g. selectins or siglecs) certainly is a spatially privi-
leged as the most accessible site for ligand recognition. Endocytic receptors, such as the asialoglycoprotein
receptor, aggregate via their stalk region and hereby bring the CRDs into an arrangement suited for selective
glycan counterreceptor binding. The molecular match between CRD distance in this lectin’s trimer and the
branch separation in triantennary N-glycans underlies the glycoside cluster effect and the logarithmic increase
in affinity with linear increase in glycan density [230,231]. Linearly arrayed CRDs in tandem-repeat-type
lectins, too, recognize a pattern, an effective mode of host defense. This architecture and aggregates formed via
collagenous tails are well suited to trace foreign glycan signatures and to connect their detection with priming
complement activation and antibody production [73-75,232,233].

Embedded into multimodular glycoproteins, a CRD can become a part of a complex interaction system
within the extracellular matrix. The mentioned sulfatide binding by a C-type CRD of a proteoglycan (brevican)
can be flanked by its concomitant association with hyaluronan and the ligand properties of glycosaminoglycan
chains. These three adhesive elements co-operate so that the proteoglycan becomes a molecular glue between
the cell surface and the matrix scaffold. As mentioned above, hyalectans or lecticans are terms for these
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trimodular proteoglycans [234-236]. Modularity as a means for molecular cooperation is likewise apparent for
selectins: following the rapid initial contact, the lifetime of cell-cell association under sub-critical blood flow
(shear stress) is lengthened (catch bonding), likely involving an EGF-like repeat, as is, in principle, also the case
for bacterial adhesins such as FimH on the distal pili position [237]. Clusters of ligands on surfaces, in adhe-
sion or host defense, here also including soluble polysaccharides, such as B-glucans, as a platform for lectin
aggregation [238], then allow patches of receptor to form, often with signaling capacity.

A cis-signaling-eliciting capacity is a common feature of galectins, and Figure 7 explains its structural basis.
Homo- and heterobivalency and the non-covalent association via N-terminal section and/or CRD of galectin-3
enable aggregation of complexes. They can have different composition and type of topological order, hereby
setting the stage for the occurrence of functional antagonism or cooperation [115,220,239,240]. Its detection
gives a clue why vertebrates express galectins of the three types of architecture shown in Figure 7, and it moti-
vates comprehensive (ga)lectin network analysis [241,242]. That the increase in galectin-1 expression as
inducer of tumor cell anoikis is coupled with down-regulation of anti-apoptotic galectin-3 by the tumor sup-
pressor p16™~<** [243] immediately makes sense.

Toward the same aim, that is finding answers why certain types of modular design had been included, and
others excluded during phylogenesis of vertebrates, engineering to produce variant proteins of non-represented
architecture, an approach termed lectinology 4.0 [244], has been performed as a test case type with CRDs of
human galectins. Turning human galectin-1 into a homotetramer, a design-type found in oysters with assumed
activity as pattern recognition receptor for microbial glycans (Figure 6) [245,246], the noted high-level responsive-
ness of cells after binding this variant already at a low density of ganglioside GM1 will severely compromise the
reliability of the regulatory Neu3-GM1 axis [247]. On the other hand, strong avidity can have benefits: such an
engineered protein or a galectin-3 oligomer may have potential as potent antibacterial agents in acute situations,
as a galectin-3-like galectin-1 may serve as novel antagonist for medically unfavorable activities of galectin-1
[127]. Now knowing about the functional bivalency of galectin-4 in glycoprotein routing may inspire the design
of new cargo transporters with the sulfatide-binding CRD giving direction to the transport, as distinct glycans,
such as 4’-O-sulfated LacdiNAc (the equivalent of a postal code), let glycoproteins home to distinct cells in lectin-
mediated delivery. Overall, shuffling of CRDs into a new structural context follows more than one incentive and
also offers perspectives. This engineering approach not only provides tools to test how the architecture of CRD
presentation affects activity. It also is a route that may uncover effectors with the precision of the endogenous
lectins, to block undesired activities or to perform desired tasks with biomedical perspective.

Conclusions and perspectives

In principle, a molecular vocabulary with high-density coding capacity is ideal as a means for communication
between cells. The special chemical properties of carbohydrates to build a large panel of linear and branched
oligo- and polymeric structures from the Ietters” of the sugar alphabet, the ubiquitous occurrence of glycans in
Nature and their dynamic remodeling exemplified by tightly controlled modulation of extent of sialylation on
glycoproteins and glycolipids are the pivotal assets of the concept of the sugar code. That a complex machinery
for glycan assembly, for modification by substitutions and for rewriting, has developed adds strong support to
this fundamental concept, and these molecular messages are ‘read’ and ‘translated’ into effects by a sophisti-
cated system of lectins (and also complementary carbohydrates). The primary structure of glycans, the local-
density regulation on scaffolds by clustering or in microdomains and the shape of the glycan as well as the
architectures of contact site and type of CRD presentation in lectins are factors for the specificity and the
selectivity of the recognition process that determines the nature of the downstream routes of signaling. As this
tutorial attests, ‘evidence clearly indicates that glycans represent a largely untapped resource for biological dis-
covery as well as unanticipated therapeutic opportunities’ [2]. This statement succinctly conveys the sense of
excitement and fascination of work to solve the riddles of glycans present in cellular glycoconjugates and to
crack the sugar code.
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