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1. Introduction

Biological information storage and transfer are commonly de-
scribed to be based solely on nucleic acids and proteins. In
contrast to nucleotides and amino acids, the most abundant
type of biomolecule in nature, the carbohydrate molecule, has
been almost completely sidelined in this respect. Sugar mole-
cules have been nearly exclusively assigned as building blocks
of protective cell wall constituents (for example cellulose and
chitin) or as biochemical fuel in energy metabolism. This para-
digm, which is reflected in textbooks, has been questioned
occasionally over the years. An exemplary quotation from 1972
points out that glycans do matter more than originally as-
sumed: ™The polysaccharides of mammalian connective tissue,
and glycoproteins, begin to make biochemical sense for the
first time ever. So many exciting developments have occurred
that this period seems to have moved us out of a dark age to
see polysaccharides in quite a new light. They have become in-
teresting molecules to contemplate in relation to the life of a
cell. The ugly ducklings have begun to look a little more like
swans. In this sense, polysaccharides begin to appear attractive
molecules, shapely molecules.∫[1] With hindsight, the answer to
the question of why the exceptional talents of carbohydrates
have remained nearly unnoticed for so long appears to be
rather simple; in essence, this neglect occurred because ™gly-
coconjugates are much more complex, variegated, and difficult
to study than proteins or nucleic acids.∫[2] Viewed from the per-
spective of bioinformatics, however, this structural property in
fact makes oligomers of saccharides ™ideal for generating com-

pact units with explicit informational properties.∫[3] This argu-
ment and other reasons listed below explain why it is justified
to portray individual monosaccharides as letters of an alpha-
bet. These letters form biochemical code words. The coining of
terms such as sugar code or glycomics helps condense the con-
cept into keywords. However, it goes without saying that the
reader can expect us to carve out a distinctive image of this
fundamental functionality of glycans.[4]

2. The Hardware of the Sugar Code

Carbohydrates have several exceptional features at their dis-
posal. These features make a strong case for a prominent role
of d-glucose and its relatives in information handling. Fore-

A high-density coding system is essential to allow cells to com-
municate efficiently and swiftly through complex surface interac-
tions. All the structural requirements for forming a wide array of
signals with a system of minimal size are met by oligomers of
carbohydrates. These molecules surpass amino acids and nucleo-
tides by far in information-storing capacity and serve as ligands
in biorecognition processes for the transfer of information. The
results of work aiming to reveal the intricate ways in which oligo-
saccharide determinants of cellular glycoconjugates interact with
tissue lectins and thereby trigger multifarious cellular responses
(e.g. in adhesion or growth regulation) are teaching amazing les-
sons about the range of finely tuned activities involved. The abili-
ty of enzymes to generate an enormous diversity of biochemical
signals is matched by receptor proteins (lectins), which are equal-
ly elaborate. The multiformity of lectins ensures accurate signal
decoding and transmission. The exquisite refinement of both
sides of the protein±carbohydrate recognition system turns the

structural complexity of glycans–a demanding but essentially
mastered problem for analytical chemistry–into a biochemical
virtue. The emerging medical importance of protein±carbohy-
drate recognition, for example in combating infection and the
spread of tumors or in targeting drugs, also explains why this in-
teraction system is no longer below industrial radarscopes. Our
review sketches the concept of the sugar code, with a solid de-
scription of the historical background. We also place emphasis
on a distinctive feature of the code, that is, the potential of a car-
bohydrate ligand to adopt various defined shapes, each with its
own particular ligand properties (differential conformer selection).
Proper consideration of the structure and shape of the ligand en-
ables us to envision the chemical design of potent binding part-
ners for a target (in lectin-mediated drug delivery) or ways to
block lectins of medical importance (in infection, tumor spread,
or inflammation).
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most is the unsurpassed ca-
pacity of these molecules to
form isomers. In contrast to nu-
cleotides or amino acids, sac-
charides contain several ap-
proximately chemically equiva-
lent sites for chain elongation
and, notably, even for branch-
ing (Scheme 1). As illustrated
for b-linked diglucosides in
Scheme 2, chemically distinct
compounds are generated
when the attachment point for
the unit at the reducing end is
moved stepwise from the 2’ to
the 3’, 4’, or 6’-hydroxy group:
Sophorose (Glcpb1-2Glc) is a
constituent of plant glycosides
such as the sweetener stevio-
side from the Composita Stevia
rebaudiana, which is popular in
Japan, or the glycosides found
in root extracts of Uzara (South
African Xysmalobium and Pa-
chycarpus species of the Ascle-
piadaceae family). Laminari-
biose (Glcpb1-3Glc) is a prod-
uct of the partial hydrolysis of
laminarin, an algal polysacchar-
ide from Laminaria (seaweed;
Chrysophyceae/Phaeophyceae).
Laminarin also occurs in immu-
nomodulatory fungal b1-3/1-6-
linked polysaccharides such as
schizophyllan (from Schizophyl-
lum commune) or lentinan
(from Lentinus edodes). Cello-

biose (Glcpb1-4Glc) is the basic structural unit of the most
common carbon compound in nature, cellulose. Gentiobiose
(Glcpb1-6Glc) occurs as the bitter-tasting ingredient of extracts
taken from the roots of Gentiana lutea. This diglucoside also
forms the carbohydrate part of various plant glycosides,
among them amygdalin, the glycoside found in bitter almonds.
This compound was instrumental in experiments delineating
the famous ™lock-and-key∫ principle. In 1894, E. Fischer investi-
gated the stereospecificity of the enzyme emulsin and report-
ed that it shows ™eine kr‰ftige Wirkung auf Amygdalin∫ (a
strong effect on amygdalin; p. 2990, ref. [5]). He continues
(p. 2992): ™Invertin und Emulsin haben bekanntlich manche
æhnlichkeit mit den Proteinstoffen und besitzen wie jene un-
zweifelhaft ein asymmetrisch gebautes Molek¸l. Ihre be-
schr‰nkte Wirkung auf die Glucoside liesse sich also auch
durch die Annahme erkl‰ren, dass nur bei ‰hnlichem geometri-
schem Bau diejenige Ann‰herung der Molek¸le stattfinden
kann, welche zur Auslˆsung des chemischen Vorganges erfor-
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Scheme 1. Illustration of the exquisite chemical versatility of a monosaccharide as a module for chain initiation and
elongation. Whereas nucleotides (left ; deoxyadenosine monophosphate) or amino acids (center ; serine) form linear
oligo- and polymers by 5’,3’-phosphodiester-dependent or peptide-bond-dependent elongation (positions marked by
arrows), monosaccharide (right ; a/b-d-glucose) addition to a growing oligomer can proceed through the four hydroxy
groups at C2, C3, C4, and C6 and the two anomeric hydroxy positions (see Schemes 2 and 3 for the structures of the
resulting diglucosides).

Scheme 2. Illustration of the structural series of b-diglucosides derived by shifting the position of the b1-linked hydroxy
group of the reducing-end glucose moiety from the 2’ to the 3’, 4’, or 6’-site (shown by arrows in Scheme 1). The bio-
logical relevance of this variability is underscored by the examples of the natural occurrence of each diglucoside given
in the text.
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derlich ist. Um ein Bild zu gebrauchen, will ich sagen, dass
Enzym und Glucosid wie Schloss und Schl¸ssel zu einander
passen m¸ssen, um eine chemische Wirkung auf einander aus-
¸ben zu kˆnnen.∫ (It is known that invertin and emulsin have
several features in common with proteinaceous compounds
and undoubtedly also harbor an asymmetrically built molecule.
Their limited effect on the glucosides might thus also be ex-
plained by the assumption that only molecules with a similar
geometrical design can approach one another as required for
a chemical process to occur. To use a metaphor, I wish to say
that enzyme and glucoside must fit like lock and key to be
able to exert a chemical effect on each other).[5] Moving on
from this case study of a disaccharide, the structural features
described above raise the expectation that carbohydrates will
be second to no other biomolecule class in the diversity of the
isomers they form, and this expectation is completely vindicat-
ed by diversity calculations. The theoretical limit of isomer di-
versity, that is, the total number of hexamers that can be
formed with 20 different building blocks, differs tremendously
between types of monomer: 6.4î107 hexapeptides are possi-
ble versus as many as 1.44î1015 hexasaccharides.[6]

These calculations include the noted variability of the attach-
ment point for glycosides. Moreover, the level of diversity in-
troduced by the occurrence of the two anomeric variants at
each glycosidic linkage is taken into account. The two struc-
tures in Scheme 3 illustrate that the seemingly rather minor
difference in only one structural parameter between the diglu-
cosides cellobiose and maltose effectively translates into the
widely disparate properties of the polymers cellulose and
starch/glycogen. Thus, in order to characterize a glycosidic
linkage precisely, not one (i.e. the sequence) but three in-
dependent parameters are necessary. These parameters (for
the first and second dimensions of structural diversity; for the
third dimension, see Section 6) are: a) the sequence of the
individual monomers, b) the individual linkage points, and
c) the anomeric configuration. Amazingly, the potential for
structural diversity at the level of the sequence does not end
at this point.

In structural terms, a further level of diversity is accessible
through the introduction of substituents. Glycosaminoglycan
chains of proteoglycans found in the extracellular matrix, such
as heparan sulfates, provide a telling example of how even a
branchless backbone with repeating disaccharide units whose
main function has been thought of as passive structural scaf-

folding is turned into a chain of biologically distinct microdo-
mains through substitution.[7] The presentation of substituents
facilitates versatile multicontact recognition relevant for the co-
ordination of cell±matrix interactions. Site-specific introduction
of sulfate substituents to hydroxy/amino groups and the epi-
merization of d-glucuronic acid to l-iduronic acid in the basic
repeating unit (GlcN-HexA)n are the key to this heparanomic
complexity.[8] From the repeating core unit of the initial enzy-
matic polymer formation, a total of 48 different disaccharides
can theoretically be formed by the ensuing modifications. A
particular and rare modification pattern results in the anticoag-
ulant pentasaccharide determinant of heparin (Scheme 4), an
example of a carbohydrate compound currently used in clinical
applications and an object of chemical refinement toward an
optimal design.[9] A synthetic pentasaccharide comprising the
same features is now commercially available (Table 1). As allud-
ed to above, the three-dimensional shape of the molecule
comes into play too. l-Iduronic acid can undergo conformer in-
terconversion (1C4 chair, 2So skew boat).[10] By adopting different

Scheme 3. Illustration of the structural impact of anomer variation on the two
otherwise structurally identical diglucosides cellobiose (building block of cellu-
lose; see also Schemes 1 and 2) and maltose (building block of starch and
glycogen).

Scheme 4. Illustration of the structure of the heparin-derived anticoagulant pentasaccharide that binds antithrombin III with high specificity. The introduction of
the 3’-O-sulfate group (circled) into the central substituted (N- and O-sulfated) d-glucosamine residue by a 3-O-sulfotransferase is essential for pharmacologic
activity. This rare natural carbohydrate is used as a model for the development of drugs for preventing and treating venous and arterial thromboembolism.
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conformations at these flexible hingelike sites, the topological
display of the neighboring substituents can be easily modulat-
ed, and this substituent pattern has an impact on the contact
sites for interaction with receptors, for example, antithrombin
III and fibroblast growth factors (see Section 6 for further infor-
mation). Needless to say, aberrations in proteoglycan synthesis
and modification have been linked to developmental dysregu-
lation in model organisms, for example, sqv (squashed vulva)
genes in the nematode Caenorhabditis elegans or sfl (sulfate-
less)/pipe genes in the fruitfly Drosophila melanogaster.[11] It is
of note that sulfation has also found frequent use as a tool to
form ™Umlaut-like∫ letters in the sugar alphabet in the N- and
O-glycans of glycoproteins and in glycolipids. For example,
GalNAc-4-sulfate (but not GalNAc) is important for routing
pituitary glycoprotein hormones, as are GalNAc/Gal/GlcNAc-6-
sulfates for lymphocyte homing.[12] So far, 31 carbohydrate sul-
fotransferases have been described along with their individual
ligand spectrum, which underlines the sophisticated ramifica-
tions of this type of modification.[12]

Coming back to the basic chemical features that are favora-
ble for a role in information transfer, the amphiphilic character
of carbohydrates is a boon for intermolecular interactions. This
property affords multiple donor/acceptor sites for directional
hydrogen bonds.[13] Moreover, a set of suitably positioned po-
larized C�H bonds can be engaged in C�H/p-electron and
stacking interactions in certain cases (e.g. to bring about inti-
mate d-Gal±Trp contact).[13] This principle has been seen to
work in organisms from various branches of the evolutionary

tree. The enterotoxin of Escherichia coli, plant lectins
such as ricin, the agglutinin from Erythrina corallo-
dendron, and animal galectins exploit such a con-
tact between the ligand and an aromatic side chain,
preferably that of tryptophan. This duty to make
thermodynamically favorable contact to a ligand in
the binding site (see Section 6 and illustrations
therein for a view of a receptor±ligand complex
with such a contact) is one likely reason why trypto-
phan is indispensable in the panel of proteinogenic
amino acids. In the course of establishing contact
between the sugar ligand and the aromatic ring,
water molecules are dispelled from the rather hy-
drophobic patches of the carbohydrate, a process
that makes a sizable contribution to the thermody-
namic driving force of the binding process.[13b] The
selectivity of the molecular rendezvous, achieved
through a combination of the above-mentioned
factors, explains the exquisite way in which individ-
ual code letters, for example d-glucose and its
4-epimer d-galactose, are distinguished. Thus, a
change of only one hydroxy group from the equa-
torial to the axial orientation keeps perturbation of
the favored ™tridymite∫ water structure minimal and
is sufficient to establish distinct letters.[14]

In summary, the structural variability introduced
by changes in linkage points, anomeric position,
and placement of substituents endows carbohy-
drates with the features necessary for a high-densi-

ty coding system. In fact, not only glycosaminoglycans but all
N- and O-glycans and glycolipids are representatives of the
chemical diversity realized by the enzymatic machinery of
glycan production.[15] Good reasons for development of a new
paradigm that views oligosaccharides as ™multipurpose tools∫
are as follows: a) the strategic placement of glycan chains in
the glycocalyx so that they reach out into the extracellular
space like sensors or tentacles, b) the existence of more than
1000 known N-glycan structures (this list is continuously grow-
ing), c) the ways of marking proteins with a distinct sugar
signal likened to a postal code (e.g. Man-6-phosphate and
GalNAc-4-sulfate for routing of lysosomal enzymes and pituita-
ry glycoprotein hormones, respectively) that have already been
detected, and d) the overall complexity of the families of gly-
cosyltransferases and glycan-modifying enzymes such as the
sulfotransferases mentioned above.[4a,15a] According to recent
accounts, the number of glycosyltransferase-related sequences
identified has grown to more than 7200, distributed over 65
distinct sequence-derived families; about 1% of the open read-
ing frames of each metazoan genome is calculated to be de-
voted to building up glycans.[15d] It now looks like a foregone
conclusion that these determinants equip cells with attractive
sensor points/areas for intermolecular contact. If matched on
the level of receptor proteins, the well-elaborated processes of
code word generation would make sense as a way to establish
a versatile communication mode involved in biosignaling, cell-
specific targeting, and host-defence pathways.[16] Families of
proteins capable of ™reading∫ the sugar-encoded messages–

Table 1. Examples of sugar compounds used as pharmaceuticals.

Compound Target Disease

acarbose a-glucosidases diabetes mellitus
(amylases)

heparin/heparinoids antithrombin III thrombosis
heparin pentasaccharide antithrombin III thrombosis
(Fondaparinux) (factor Xa)
derivatives or mimetics of neuraminidase viral infection
2-deoxy-2,3-dehydro-N-
acetylneuraminic acid
N-butyldeoxynojirimycin a-glucosidases viral infection

(N-glycan processing)
derivatives or mimetics of adhesins and toxins bacterial infection
milk oligosaccharides (lectins)
GlcN-(2-O-hexadecyl) GPI-mannosyltransferase I protozoan infection
phosphatidylinositol (e.g. African sleeping

sickness)
derivatives or mimetics of selectins inflammatory reaction
sialylated/sulfated Lea/x

epitopes
d-Man phosphomannose congenital disorder

isomerase deficiency of glycosylation Ib
l-Fuc GDP-fucose transport congenital disorder

of glycosylation IIc
(LAD II)

N-butyldeoxygalactonojiri- glycosphingolipid glycosphingolipid
mycin and properly glyco- synthesis and enzymatic storage disorders
sylated b-gluco(galacto) degradation
cerebrosidase
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besides the enzymes that tailor glycan determinants–
are the missing link needed to turn structure into biolog-
ical response. This assumption about information transfer
pathways has been shown to be correct by the discovery
of lectins.

3. Lectins: Tools to Read Sugar-Encoded
Messages

The first documented observations of lectin activity were
made on clumping red blood cells (Table 2). In 1860, the
venom of the rattlesnake proved active in this respect:
™one drop of venom was put on a slide and a drop of
blood from a pigeon's wounded wing allowed to fall
upon it. They were instantly mixed. Within three minutes
the mass had coagulated firmly, and within ten it was of
arterial redness.∫[17] The concern that the term ™coagula-
tion∫ used by Mitchell might reflect the action of proco-
agulants but not cell agglutination was satisfactorily ad-
dressed by deliberately repeating the experiments with
washed erythrocytes.[18] The paper by Flexner and Nogu-
chi in which this work is reported was in fact introduced
by Mitchell who commented on it as follows: ™I have
long desired that the actions of venoms upon blood
should be further examined. I finally indicated in a series
of propositions the direction I wished the inquiry to take.
Starting from these the following very satisfactory study
has been made by Professor Flexner and Dr. Noguchi. My
own share in it, although so limited, I mention with satis-
faction.∫[18] Only a few years later, in 1906, an agglutinat-
ing activity of activated-complement-coated erythrocytes
was detected in bovine serum. To allow the reader to
follow the major historical events in this field, we have
listed this finding in Table 2. As with snake venom, the
active protein of bovine serum was later biochemically
characterized as a C-type lectin (see also Section 4), in
this case from the subgroup of collectins named conglu-
tinin, which binds to the Man8/Man9 N-glycan of human
iC3b at Asn917 in the a chain of complement glycopro-
tein C3.[19]

The assay used to look at haemagglutination was also
instrumental to the discovery of the cell-bridging capaci-
ty of proteins in plant extracts, initially that of toxic
castor bean extract.[20] Stillmark remarked in his M.D.
thesis, published in 1888: ™Das Ricin bewirkt in defibri-
niertem serumhaltigem Blute eine Zusammenballung der
rothen Blutkˆrperchen unter Bildung einer fibrin‰hnli-
chen Substanz.∫ (Ricin causes a conglomeration (or ag-
glutination) of the red blood corpuscles in defibrinated
serum-containing blood that yields a fibrin-like sub-
stance).[20] The discovery that plant extracts are rich sour-
ces of agglutinins made possible the first purification of
such a protein (named concanavalin A) by crystallization
(™If jack bean extracts are covered with toluene and
simply allowed to stand exposed to the air for several
weeks, this protein is precipitated as beautifully formed
crystals having a diameter of about 0.1 mm∫)[21] and the

Table 2. Brief historical account of lectinology.[a]

1860 Observation of blood ™coagulation∫ by rattlesnake venom (S. W.
Mitchell)

1888 Detection of erythrocyte agglutination by protein fractions from
castor beans and other plant seeds (H. Stillmark)

1891 Toxic plant agglutinins applied as model antigens (P. Ehrlich)
1898 Introduction of the term ™haemagglutinin∫ or phytohaemag-

glutinin for plant proteins that agglutinate red blood cells (M.
Elfstrand)

1902 Detection of bacterial agglutinins (R. Kraus)
1902 Demonstration that blood ™coagulation∫ by snake venom (later

shown to depend on a C-type lectin) observed in 1860 was not
caused by blood clotting but by cell agglutination (S. Flexner, H.
Noguchi)

1906 Detection of an agglutinin in bovine serum (later characterized as
the C-type lectin conglutinin) that acts on activated complement-
coated erythrocytes (J. Bordet, F. P. Gay)

1907 Detection of nontoxic agglutinins in plants (K. Landsteiner, H.
Raubitschek)

1913 Use of intact cells for the purification of lectins (R. Kobert)
1919 Crystallization of a lectin, concanavalin A (J. B. Sumner)
1936 Precipitation of starch, glycogen, and mucins by concanavalin A

and its interaction with the stromata of erythrocytes define the
carbohydrate as a ligand (J. B. Sumner, S. F. Howell)

1941 Detection of viral agglutinins (G. K. Hirst)
1947±1948 Detection of lectins specific for human blood groups (W. C. Boyd,

K. O. Renkonen)
1952 Carbohydrate nature of blood group determinants proven by

lectin-mediated agglutination and its sugar-dependent inhibition
(W. M. Watkins, W. T. J. Morgan)

1954 Introduction of the term ™lectin∫ for plant agglutinins, primarily
for those that are blood-group specific (W. C. Boyd)

1960 Detection of the mitogenic potency of lectins toward lympho-
cytes (P. C. Nowell)

1965 Application of affinity chromatography for the isolation of lectins
(I. J. Goldstein, B. B. L. Agrawal)

1972 Determination of the amino acid sequence and three-dimensional
structure of a lectin, concanavalin A (G. M. Edelman, K. O. Hard-
man, C. F. Ainsworth et al.)

1972±1977 Discovery of impaired synthesis of a marker for glycoprotein (lyso-
somal enzymes) routing as the cause of a human disease (mucoli-
pidosis II) and identification of the marker as Man-6-phosphate,
the ligand for P-type lectins (E. F. Neufeld et al. ; W. S. Sly et al.)

1974 Isolation of a mammalian Gal/GalNAc-specific lectin from the liver
(G. Ashwell)

1978 First conference focusing on lectins and glycoconjugates, termed
Interlec (T. C. B˘g-Hansen)

1979 Detection of endogenous ligands for plant lectins (H. R¸diger)
1983 Detection of the insecticidal action of a plant lectin (L. L.

Murdock)
1984 Isolation of lectins from tumors (H.-J. Gabius ; R. Lotan, A. Raz)
1985 Discovery of immobilized glycoproteins as pan-affinity adsorbents

for lectins (H. R¸diger)
1987 Introduction of neoglycoconjugates for localization of tissue

lectins for tumor diagnosis (H.-J. Gabius et al.)
1989 Detection of the fungicidal action of a plant lectin (W. J. Peumans)
1992±1993 Identification of impaired synthesis of lectin (selectin) ligands by

defective fucosylation as the cause for leukocyte adhesion defi-
ciency type II (A. Etzioni et al.)

1995 Structural analysis of a lectin±ligand complex in solution by NMR
spectroscopy (J. Jimÿnez-Barbero et al.)

1996±1998 Detection of differential conformer selection by plant and animal
lectins (H.-J. Gabius et al. ; L. Poppe et al.)

2001±2002 Advances in lectinology and glycosciences honored by dedication
of special issues of Biochim. Biophys. Acta, Biochimie, Biol. Chem. ,
Cells Tissues Organs, Chem. Rev. , Curr. Opin. Struct. Biol. , J. Agric.
Food Chem. (Liener symposium), and Science to these topics

[a] Extended and modified from ref. [16d].
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demonstration of its interaction with carbohydrate groups
(Table 2). As summarized by Sumner and Howell in 1936, ™con-
canavalin A unites with some constituent of the stromata and,
since concanavalin A unites with starch, glycogen, mucins, etc. ,
it is possible that this may be a carbohydrate group in a
protein.∫[22] Since the activities of several plant and animal
haemagglutinins towards reaction with erythrocytes of differ-
ent AB0 blood group status resemble those of serum antibod-
ies initially observed by Creite (1869) and Landois (1875) and
referred to as isoagglutinins by Landsteiner in 1900,[23] the
resulting classification of the haemagglutinins as antibody-like
substances sounds logical. The following quotation explains
Boyd's reason for introducing the term lectin in 1954, a term
that continues to be commonly used today: ™It would appear
to be a matter of semantics as to whether a substance not
produced in response to an antigen should be called an anti-
body even though it is a protein and combines specifically
with a certain antigen only. It might be better to have a dif-
ferent word for the substances and the present writer would
like to propose the word lectin from Latin lectus, the past
principle of legere meaning to pick, choose or select.∫[24] By
building on the pioneering observations made by Sumner and
Howell, on the detection of haptenic inhibition of anti-
body±antigen reactions by Landsteiner and van der Scheer,
and on the description of blood-group-specific lectins by Re-
nkonen and Boyd (cited above), [22, 23d±f] a milestone of lectin
application was established shortly before 1954 (see Table 2).
This breakthrough was the inhibition of haemagglutination,
mediated by eel (Anguilla anguilla) serum and seed extracts of
the Leguminosa Lotus tetragonolobus, by l-fucose. These key
experiments led to the determination of ™the biochemical
basis of blood group AB0 and Lewis antigenic specificity∫[25e]

(for further listings of the course of lectin research history, see
Table 2).

To reach the present version of the term lectin, its definition
had to be subjected to several refinements. The experimental
focus on agglutination, which requires at least bivalency for
the bridging of two cell surfaces, was dropped completely in
the course of this process. The three criteria that must current-
ly be met by a (glyco)protein for it to qualify as a member of
the lectin family are given below.[26]

a) Carbohydrate-binding activity

Assays monitoring binding to carrier-immobilized carbohydrate
ligands of (neo)glycoconjugates are now commonly used to
detect and quantify lectin activity, irrespective of the presence
of bridging functionality.[4a,27] The presence of a carbohydrate
recognition domain (CRD) linked with other bioactive modules
in a mosaic-like protein (see also Sections 4 and 5) makes it
possible to assign bi- and multifunctional proteins to different
protein families.

b) Distinction from immunoglobulins

In the original definition of a lectin given by Boyd in 1954,[24]

the groups of immunoglobulins (Ig), such as IgG or IgM, are

deliberately excluded. It should be noted that the animal lec-
tins of the I-type class with a distal V-set module and C2-set
domains belong to the Ig superfamily and that various lectins,
such as galectins, as well as C- and I-type lectins, are produced
from lymphocytes along with antibodies.[28]

c) Distinction from enzymes tailoring free saccharides/
glycan chains of glycoconjugates, and from sensor or carrier
proteins for free mono- or oligosaccharides

Any glycosyltransferase, glycosidase, or enzyme that modifies
its cognate carbohydrate (e.g. the sulfotransferases or epimer-
ases), as well as transport/chemotaxis receptors for free mono-,
di-, or oligosaccharides are excluded from the lectin family.

With this explanation of the generic name for (glyco)pro-
teins that read sugar-encoded messages in mind, it is instruc-
tive to examine the diversity of these proteins in plants and
animals. If lectins were rare inventions of nature, then commu-
nication with sugar code words would surely be restricted to
only a few messages that can be decoded.

4. Plant Lectins: Occurrence, Functions, and
Applications

The richest sources of plant lectins are the seeds or, more gen-
erally, the storage organs of plants. For most plants studied so
far, lectins have been prepared from the seeds, but roots,
tubers, bulbs, bark, or leaves have also served as starting mate-
rials for the isolation of lectins.[29] As emphasized above in the
context of the inter- and intrafamily diversity of glycosyltrans-
ferases (see the last paragraph of Section 2), the wide distribu-
tion of lectins is a strong argument for their physiological rele-
vance. Table 3 lists families of higher plants, as defined by the
rules of botanical taxonomy, with the numbers of lectin-bear-
ing species in each family. Algal, fern, and fungal lectins are
not included. Since an activity assay solely with haemaggluti-
nation without proper controls can yield false-positive results,
we limited the compilation to those cases for which further un-
ambiguous evidence for lectin presence is available. The over-
whelming majority of lectins characterized up to now has
been found in the Angiospermae section. Among these, about
three-quarters of the lectin-bearing species belong to the Di-
cotyledoneae and almost 90% of these to the Archichlamy-
deae subclass of the dicot class. Leguminosae played an im-
portant role in the early history of lectinology, as outlined
above (see also Table 2), and still hold a prominent position in
the field. However, to avoid misinterpretation of our systematic
compilation, we must add that the search for lectins has not
really been carried out strategically by following the rules of
botanic systematics and searching species by species. It is thus
likely that the literature-based numbers given in Table 3 will
promptly increase when researchers begin doing so. Studies
have so far often focused on economically relevant plants. Be-
sides the advantage of easy access to the starting material, re-
ports on compounds from plants of nutritional value are sure
to find a wide readership. Consequently, the occurrence of lec-
tins in plants outside the remit of modern agriculture is proba-
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bly underestimated. Another factor that may have played a
role in the count is that such plants often have tiny seeds.

The most popular method for tracing lectin presence is still
to test plant extracts for their ability to agglutinate cells, usual-
ly human or other mammalian erythrocytes. This classical
method, already used more than a century ago by Mitchell[17]

and Stillmark,[20] excels because of its simplicity. However, the
technique suffers from several noteworthy disadvantages.
Plant extracts can contain active material such as tannins that

leads to the above-mentioned false-positive results. The pres-
ence of lipids can also lead to misinterpreted results, and er-
ythrocytes tend to agglutinate spontaneously in the presence
of only moderate concentrations of bivalent metal ions. Eryth-
rocytes are sensitive to surface-active substances such as sapo-
nins, so lectins may easily be overlooked in their presence.
Moreover, an agglutination assay only detects lectins that are
at least bivalent and can therefore link cells, a factor noted
above in criterion (a) of the lectin definition (see Section 3).

Table 3. Systematic coverage of the occurrence of plant lectins.

Section Class Subclass Order Family Number of known lectin-bearing species

Angiospermae Dicotyledoneae Archichlamydeae Salicales Salicaceae 2
Fagales Fagaceae 2
Urticales Cecropiaceae 1

Urticaceae 1
Moraceae 18

Santalales Loranthaceae 1
Viscaceae 3

Centrospermae Amaranthaceae 7
Caryophyllaceae 1
Chenopodiaceae 1
Phytolaccaceae 1

Cactales Cactaceae 2
Magnoliales Lauraceae 2
Ranunculales Ranunculaceae 1
Guttiferales Theaceae 1
Papaverales Cruciferae 4

Papaveraceae 1
Rosales Crassulaceae 1

Leguminosae 140
Saxifragaceae 1

Geraniales Euphorbiaceae 13
Sapindales Sapindaceae 3
Celastrales Celastraceae 2
Rhamnales Rhamnaceae 1

Vitaceae 1
Thymelaeales Eleagnaceae 1
Violales Passifloraceae 2
Cucurbitales Cucurbitaceae 22
Myrtiflorae Myrtaceae 1
Umbelliflorae Araliaceae 1

Umbelliferae 3
Metachlamydeae Ebenales Ebenaceae 1

Tubiflorae Solanaceae 5
Lamiaceae 9
Convolvulaceae 5
Pedaliaceae 1
Verbenaceae 1

Dipsacales Caprifoliaceae 5
Campanulales Compositae 2

Monocotyledoneae Helobiae Alismataceae 1
Liliiflorae Alliaceae 6

Amaryllidaceae 11
Dioscoreaceae 1
Iridaceae 6
Liliaceae 20

Graminales Gramineae 9
Spathiflorae Araceae 17
Cyperales Cyperaceae 1
Scitamineae Musaceae 2
Microspermae Orchidaceae 6

Gymnospermae Coniferopsida Coniferae Araucariaceae 1
Pinaceae 3
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Therefore, screening methods have been developed that capi-
talize on the carbohydrate-binding capacity of lectins. Chemi-
cally tailored neoglycoconjugates present carrier-immobilized
carbohydrate ligands for interaction, and complex formation is
then picked up analytically by using any suitable label.[27,30] To
avoid radioactive labeling, the intrinsic activity of enzymes that
are naturally glycosylated, such as horseradish peroxidase, or
that can serve as acceptors for glycans through chemical con-
jugation, such as E. coli b-galactosidase, is used to detect any
lectin-like activity presented on a matrix.[31] Recently developed
methods employ the microarray technology. This approach can
be combined with combinatorial synthesis, which illustrates
the emerging importance of the interface between lectin re-
search and carbohydrate chemistry.[32] Needless to say, arrays
will prove instrumental in the definition of ligands with opti-
mal affinity and selectivity, a factor of relevance for research
aiming to extend the contents of Table 1 in the future. Howev-
er, at present these methods are too sophisticated for general
use. Expensive equipment and considerable expertise are
required to master the chemical syntheses and analytical eval-
uation techniques. In consequence, even recent studies deal-
ing with newly discovered lectins rely on cell agglutination
as an analytical tool. The shortcomings of this approach are
generally addressed by using controls to prove inhibition of
the agglutination by haptenic sugar, as in the elucidation of
the determinants of the AB0 histo-blood group epitopes fifty
years ago.[25]

Once lectin activity had been detected, the next step in the
characterization pathway, regardless of the source of the mate-
rial, is isolation of the lectin(s). This step can certainly be per-
formed by standard protocols for protein purification, which
include ion exchange, size exclusion, and hydrophobic chroma-
tography. Investments of time and effort are reduced by taking
advantage of the highly efficient method of affinity chroma-
tography on immobilized carbohydrates or glycoconjugates. A
very simple means of applying this technique is to use natural-
ly occurring polysaccharides such as dextrans. These com-
pounds are high-affinity adsorbents for glucose-binding lectins
such as concanavalin A and pea or lentil agglutinins when the
polymer chains are cross-linked. Surprisingly, the enormous po-
tential of this method was not initially realized. As was recently
pointed out in a commentary on the path of the lectins ™from
obscurity into the limelight∫ by Sharon,[33] the manuscript pio-
neering this approach did not find favorable review at first :
™Irwin J. Goldstein from the University of Michigan at Ann
Arbor, a leading lectin researcher to this very day, tells that
when he sent a note, in 1963, to Biochemical and Biophysical
Research Communications describing the purification of conca-
navalin A by affinity chromatography, it was rejected forthright
because 'this represents a modest advance in an obscure area.'
The note was eventually published in Biochemical Journal[34a]

and affinity chromatography soon became the method of
choice for lectin isolation∫ (see Table 2). Among the procedures
used to conjugate a saccharide to the matrix, we found divinyl
sulfone activation particularly easy in handling and efficient in
terms of final lectin yields.[34b±d] To broaden the scope of one-
step lectin purification, it is convenient to covalently couple

not only saccharides but also naturally occurring glycoproteins
to the resin. For this purpose, hog gastric mucin or hen ovo-
mucoid, both easily available in large amounts, was successful-
ly employed.[35] The prevailing method used to elute the lectin
exploits the haptenic sugar as a competitive inhibitor. Prob-
lems arise when binding is directed to extended glycans, as is
the case for Phaseolus bean lectins (or phytohaemagglutinins
(PHAs), a formerly used generic name for plant lectins; see
below). The presence of these lectins is the biochemical cause
of the nausea that results from eating insufficiently cooked
beans (see also Table 4). In such instances of binding to the ex-
tended glycans, lectin elution from the resin can be performed
by lowering the pH value of the buffer. If the lectin is too
sensitive to withstand an acidic medium, desorption with a
borate-containing buffer offers a simple and affordable alterna-
tive. The elution profiles that result from the use of these two
protocols are illustrated in Figure 1. Successive elution with
haptenic sugar and borate was helpful for purification of dis-
tinct lectins from the same source that differ in carbohydrate
specificity. Figure 1A shows that isolectin family I (specific for
Gal/GalNAc) found in Griffonia simplicifolia seed extracts can
be easily separated from the type II lectin (specific for
(GlcNAc)n). Figure 1B illustrates that this procedure even allows
closely related isolectins such as the Phaseolus bean lectins to
be resolved. When the concentration of the eluant borate was
increased stepwise, it was possible to obtain the five isolectins
L4, L3E, L2E2, LE3, and E4 in separate fractions.[36] The isolectin L4

(listed by commercial suppliers as PHA-L4 or phytohaemagglu-
tinin L4) is a popular laboratory tool used as a mitogen for lym-
phocytes and the chromatographic method described gives re-
markably easy access to pure material without contamination
by the isoagglutinin E4 or the other three forms, as explained
in detail in the figure legend.

The members of the diverse group of plant lectins that are
studied and used most frequently are listed in Table 4. The
leading position is held by concanavalin A, the ™classical∫ Man/
Glc-binding lectin from Jack beans (see above and Table 2 for
the central role of this lectin in the history of lectinology). The
obtainable yield of concanavalin A from seed material is about
2 g per 100 g and it is chemically stable, key factors for its ini-
tial isolation by crystallization (see above). Once purified, the
lectin can undergo numerous chemical modifications. All these
properties are very favorable for chemical, biochemical, and bi-
omedical applications (see Table 5 for a summary of research
areas in which plant lectins are used as tools). These facts ex-
plain why this lectin has attained its status as a reliable and
popular workhorse, especially for carbohydrate chemists look-
ing for a lectin to use in an attempt to prove the ligand prop-
erties of a sugar compound attached to a new synthetic scaf-
fold. The other lectins listed in Table 4 are capable of following
the role model concanavalin A, although they are less promi-
nently used in research. These compounds form a panel of
probes for isolation and structural characterization of glyco-
conjugates (glycoproteins, glycolipids, or polysaccharides), as
well as use in various assays in cell biology, histochemistry, and
the medical sciences (Table 5).[26g,34d,37] The size of the panel of
lectins with related specificities (for a selection of frequently
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used plant lectins, see Table 4) ensures that the optimal tool
for a defined purpose can always be found. For example, LCA
can be used when the cells to be desorbed from a lectin-con-

taining solid matrix must be handled under gentle conditions,
in contrast to concanavalin A, with which harsher conditions
are required since binding is comparatively tight.[38] A frequent-

Table 4. Examples of plant lectins to illustrate the inter- and intrafamily diversity of these proteins.[a]

Plant species and name/
abbreviation of lectin

Family Mono- or disacchar-
ide specificity

Comments

Canavalia ensiformis
(concanavalin A, ConA)

Leguminosae Man/Glc cheapest and most popular lectin; first lectin isolated by crystallization and demon-
strated to interact with carbohydrate (see text and Table 2 for details)

Ricinus communis (ricin) Euphorbiaceae Gal ribosome-inactivating protein, type II (RIP II), used for generating immunotoxins;
biohazard

Triticum vulgare (WGA) Gramineae (GlcNAc)1-3, Neu5Ac potential function in plant defence mechanisms
Phaseolus vulgaris (PHA) Leguminosae no simple carbohy-

drate known
isolectin L4 is a strong mitogen for T-lymphocytes, isolectin E4 is a strong erythrocyte
agglutinin (see Figure 1B for chromatographic isolectin separation); distinguish be-
tween bisected and nonbisected N-glycans; cause of severe gastrointestinal irritation
when ingested in insufficiently cooked beans

Glycine max (SBA) Leguminosae GalNAc/Gal cell sorting, bone marrow purging
Pisum sativum (PSA) Leguminosae Man/Glc binding of N-glycans enhanced by core fucosylation
Viscum album (VAA,
viscumin)

Viscaceae Gal RIP II used for generating immunotoxins, constituent of proprietary mistletoe extracts
(immunomodulatory and growth stimulatory for tumor cells in vitro and in vivo at
low doses; see text for details)

Arachis hypogaea (PNA) Leguminosae Gal, Galb3GalNAca
(TF-antigen)

very popular in histochemistry ; separates immature from mature thymocytes

Lens culinaris (LCA) Leguminosae Man/Glc binding of N-glycans enhanced by core fucosylation; lymphocyte mitogen
Dolichos biflorus (DBA) Leguminosae GalNAca3GalNAc,

GalNAc
cell sorting, agglutinates blood group A erythrocytes

Griffonia simplicifolia
(GSA-I)

Leguminosae Gal/GalNAc isolectin GSA-I-A4 agglutinates blood group A erythrocytes, isolectin GSA-I-B4 blood
group B erythrocytes

Griffonia simplicifolia
(GSA-II)

Leguminosae (GlcNAc)n insecticidal activity, potential defence role

Artocarpus integrifolia
(jacalin)

Moraceae Gal (Man, TF-antigen) used for isolation of IgA1 and mucins, mitogenic for CD4+ T-cells

Solanum tuberosum
(STA)

Solanaceae (GlcNAc)n potential function in plant defence mechanisms

Galanthus nivalis (GNA) Amaryllidaceae Man does not bind Glc as the Leguminosae lectins do, application for insect and nema-
tode defence in transgenic crop plants tested, antiretroviral activity in vitro, selective
agglutination of rabbit but not human erythrocytes

Ulex europaeus (isolectin
UEA)-I

Leguminosae l-Fuc agglutinates blood group 0(H) erythrocytes ; selective marker for endothelial cells of
primates

Erythrina corallodendron
(ECA)

Leguminosae Galb4GlcNAc, Gal,
GalNAc

mitogen for human lymphocytes

Vicia faba (VFA) Leguminosae Man/Glc binding of N-glycans enhanced by core fucosylation
Sambucus nigra (SNA) Caprifoliaceae Neu5Aca6Gal/

GalNAc, (Gal/GalNAc)
probe for sialylated glycoconjugates, e.g. in thymocyte differentiation

Abrus precatorius Leguminosae Gal RIP II used for generating immunotoxins
Lotus tetragonolobus
(LTA)

Leguminosae l-Fuc agglutinates red cells of blood group 0(H), instrumental to the definition of a-l-
fucose as a crucial 0(H) epitope (see Table 2)

Lycopersicon esculentum Solanaceae (GlcNAc)n potential function in plant defence mechanisms; marker of endothelium of small
vessels in rats

Phaseolus lunatus
limensis

Leguminosae GalNAca3[Fuca2]Gal,
GalNAc

agglutinates blood group A erythrocytes

Datura stramonium
(DSA)

Solanaceae (GlcNAc)n potential function in plant defence mechanisms

Maackia amurensis
(MAA)

Leguminosae Neu5Aca3Gal/
GalNAc

probe for sialylated glycoconjugates

Phytolacca americana
(PWM)

Phytolaccaceae GlcNAc known as pokeweed mitogen; detected in 1969 in the course of investigating a
fatality associated with ingestion of pokeweed berries

Bauhinia purpurea (BPA) Leguminosae GalNAcb3GalNAc,
GalNAc

enrichment of B lymphocytes, isolation of T cells producing Il-2

Urtica dioica (UDA) Urticaceae (GlcNAc)n antifungal activity
Hevea brasiliensis
(hevein)

Euphorbiaceae (GlcNAc)n antifungal activity; allergen in rubber products of poor quality

Maclura pomifera (MPA) Moraceae T-antigen>Tn-
antigen

mitogen for lymphocytes

[a] The order of the list reflects the share of attention given to each lectin in the literature.
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ly encountered application concerns the mitogenic activity of
lectins (Table 5). The fact that plant lectins can affect lympho-
cyte activity and proliferation has led to suggestions that the
laboratory tools could be introduced as immunomodulatory
therapeutic agents in clinical applications. The example of the
galactoside-specific mistletoe lectin (VAA, formerly ML-1), a
constituent of proprietary extracts used in Austria, Germany,
and Switzerland, shows that immune functions such as secre-
tion of proinflammatory cytokines or priming of granulocytes/

activity of NK cells can indeed be stimulated at nontoxic doses
of lectin (VAA concentration needed to elicit in vivo effects: 1±
2 ngkg�1 body weight, given subcutaneously).[39] However, this
immunomodulatory capacity is unlikely to have a clinical per-
spective because lectin-dependent increase in the proliferation
(and also metastatic capacity) of tumor cells has likewise been
described for cell lines, histocultures of human tumors, and
animal models in vivo (primum non nocere).[26g,40] Enhanced
availability of proinflammatory cytokines might account for
this effect. In more general terms, it is becoming evident that
these immune factors can also trigger growth responses in ma-
lignant cells.[41] Our understanding of how immune/inflamma-
tory cells influence tumor growth and neovascularization is
thus undergoing a paradigmatic shift. This development is re-
flected in the statement that these cells ™conspire with cancer
cells in promoting∫ (rather than inhibiting) these processes,[41e]

which has implications for the way we look at immunostimula-
tion in cancer patients. As a consequence, immunomodulation
by a lectin can exert a nonbeneficial influence on tumor pa-
rameters. Case studies, including an account of a study on mel-
anoma patients in which treatment with a proprietary mistle-

Figure 1. Illustration of the chromatographic purification and separation of
plant lectins from the same species and source (see Table 4 for further informa-
tion on these lectins) by using the glycan chains of immobilized glycoproteins
as affinity ligands. A) Successive elution with 25 mm d-galactose and 50 mm

borate from a column bearing desialylated hog gastric mucin as the affinity
ligand and loaded with plant extract as previously described[36] resulted in puri-
fication of Gal/GalNAc-specific Griffonia simplicifolia agglutinin I (GSA-I ; subu-
nit Mr=30/32 kDa) and GSA-II ((GlcNAc)n-specific; subunit Mr=28 kDa).
B) Stepwise increases in the borate concentration in the elution buffer resulted
in desorption of the five Phaseolus vulgaris isoagglutinins from immobilized
ovomucoid. Elution started with PHA-L4 (subunit Mr=31 kDa) at 15 mm borate
and finally reached PHA-E4 at 250 mm borate. Elution was monitored by meas-
uring the absorption at 280 nm (A280) and the agglutination activity, as descri-
bed previously.[35] The latter assays revealed that potency increases from E1L3 to
E2L2 to E3L1, and finally E4 (subunit Mr=34 kDa), the strongest erythrocyte ag-
glutinin. Lymphocyte stimulation increased from E4 (20-fold at 37 mgmL�1) to L4
(24-fold at 8 mgmL�1).

Table 5. Versatility of plant lectins as research tools.[a]

Biochemistry

detection of defined carbohydrate epitopes of glycoconjugates in blots
or on thin-layer chromatography plates
purification of lectin-reactive glycoconjugates by affinity chromatography
glycan characterization by serial lectin affinity chromatography (lectin
affinity capture)
glycome analysis (glycomics)
quantification of lectin-reactive glycoconjugates in enzyme-linked lectin-
binding assays (ELLA)
quantification of activities of glycosyltransferases/glycosidases by lectin-
based detection of products of enzymatic reaction
model reagents for the assessment of the ligand functionality of carbohy-
drate-presenting scaffolds (e.g. glycodendrimers)

Cell biology

characterization of intracellular assembly, routing, and cell surface presen-
tation of glycoconjugates in normal and genetically engineered cells
(glycomic profiling, spatially defined)
selection of cell variants (mutants, transfectants) with altered lectin-
binding properties as models for dissecting glycosylation machinery and
glycan functionality (glycomic profiling, functionally defined)
fractionation of cell populations
modulation of the proliferation and activation status of cells and dissec-
tion of the involved signal pathways
model substratum for study of cell aggregation, adhesion, and migration

Medicine

detection of disease-related alterations of glycan synthesis by lectin cyto-
and histochemistry
histo-blood group typing and definition of secretor status
quantification of aberrations of cell surface glycan presentation, e.g. in
malignancy
cell marker for diagnostic purposes including marking infectious agents
(viruses, bacteria, fungi, parasites)
cell marker for functional assays to pinpoint defects in cell activities such
as mediator release

[a] Extended and modified from ref. [26g].
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toe extract appeared to decrease
the lengths of overall survival
and disease-free intervals of pa-
tients with lymph node metasta-
ses, underline concerns that
herbal treatment modalities in
alternative/complementary med-
icine may not be free of serious
risk potential.[42] A recent review
on the controversial issue of the
clinical use of Viscum album ex-
tracts in cancer treatment con-
cluded that ™mistletoe therapy
has the potential to harm cancer
patients.∫[42d] These data also
caution against intuitive expect-
ations that in vitro modulation
of one or more immune param-
eters (plant lectins are very
active elicitors of such a re-
sponse) will automatically be
clinically beneficial.

While knowledge on the distribution of lectins in plants has
taken enormous strides as a result of documentation of their
widespread occurrence, it is difficult to produce a succinct
compendium of their functions in situ. In principle, each lectin
might have distinct functions at the site of expression and
through interplay with binding partners in the cell and the ex-
tracellular environment, an idea also valid for animal lectins.
One particular protein can thus take care of several tasks. Pow-
erful techniques used to regulate lectin presence on the level
of gene expression in vitro and in vivo that were a boon for
the elucidation of lectin functions in animals are starting to be
exploited in plants,[43] so progress in refining and extending
current knowledge of the functions of plant lectins will not be
long in coming. Table 6 summarizes current concepts on this
topic, together with examples of lectins with the activities con-
cerned. Free oligosaccharides also convey biochemical messag-
es and, although their binding partners do not fit the lectin
definition given herein in every respect (see criterion (c) in Sec-
tion 3), our survey would not be complete without paying trib-
ute to this aspect of oligosaccharide behavior. Indeed, an
emerging topic in the area of protein±carbohydrate interaction
is the way in which oligosaccharide elicitors interact with their
often ill-defined receptors.[44] These elicitors are products of
the degradation of plant/fungal cell walls or lipochitooligosac-
charides (Nod factors involved in the chemical cross-talk be-
tween nitrogen-fixing soil bacteria and their leguminous host
plant). Of note is the observation that the rhizobial nodulation
protein NodC, a glycosyltransferase responsible for GlcNAc in-
corporation within the synthetic pathway of the Nod factors,
does not appear to be a unique invention of the evolutionary
process because similar sequences have been found in Xeno-
pus, zebrafish, and mouse proteins[44e] (the alternative route to
chitooligosaccharides employs endochitinases). Members of
this glycosylhydrolase family (no. 18), like many other enzymes
involved in bacterial/fungal carbohydrate polymer degradation

and bacterial sialidases, often contain a second domain besides
their catalytic section. This domain has exclusive carbohydrate-
binding activity that allows it to guide and firmly position the
hydrolytic center.[45] This close cooperation of the two sites
toward polysaccharide degradation (see criterion (c), Section 3)
explains the reluctance of researchers to count these enzymes
with a carbohydrate-binding module as lectins. Equivalent pro-
teins that bring a catalytic and a carbohydrate-binding domain
together are found in both plants (e.g. b-galactosidases and
endo-b-1-4-glucanase in strawberry) and animals (see
below).[26g] A recent example of clinical interest implicates mu-
tations affecting a putative glycogen-binding domain (CBD-4)
of laforin in disease onset, which is supposedly a result of mis-
positioning of the phosphatase activity. This domain is the
product of the EPM2A (epilepsy of progressive myoclonus type
2) gene, which is defective in Lafora disease.[46] The detection
of a chitinase-related receptor-like kinase (CHRK1) in tobacco
and of receptor-like protein kinases with extracellular lectinlike
domains in thale cress (Arabidopsis thaliana) and lombardy
poplar (Populus nigra var. italica) suggests the existence of an
outside/inside signaling route for the transfer of sugar-encod-
ed messages into the plant cell.[16c, 47] Although it is tempting
to draw analogies between plant and animal lectin functions,
this approach should not be taken too far. The enzymatic ap-
paratus of glycan synthesis is not identical in plants and ani-
mals, so the patterns of potential natural ligands for evolution-
ary adaptation diverge. For example, the structures of the core
regions of complex-type N-glycans in plants differ from the
structures in animals in that the plant glycans harbor two
unique additions to the substitution pattern of the core region
(the a1-3-linked fucose attached to the proximal GlcNAc resi-
due and the b1-2-linked xylose in the core mannose residue).
Mammalian cells, in contrast, have relatively abundant supplies
of b1-4-galactosyltransferases, a1-2/6-fucosyltransferases, and
sialyltransferases.[48]

Table 6. Functions of plant lectins.[a]

Activity Example of lectin

external
activities

protection from fungal attack Hevea brasiliensis (rubber tree), Urtica dioica
(stinging nettle), Solanum tuberosum (potato)

protection from herbivorous animals Phaseolus vulgaris (French bean), Ricinus com-
munis (castor bean), Galanthus nivalis (snow-
drop), Triticum vulgare (wheat)

involvement in establishing symbiosis between
plants and bacteria

Pisum sativum (common pea), Lotononis bainesii
(miles lotononis), Arachis hypogaea (peanut), Tri-
ticum vulgare (wheat), Oryza sativa (rice)

Internal
activities

storage proteins valid for all lectins
ordered deposition of storage proteins and en-
zymes in protein bodies and mediation of con-
tact between storage proteins and protein body
membranes

Pisum sativum (common pea), Lens culinaris
(lentil), Glycine max (soybean), Oryza sativa (rice)

modulation of enzymatic activities such as phos-
phatase activity

Secale cereale (rye), Solanum tuberosum (potato),
Pleurotus ostreatus (oyster mushroom), Glycine
max (soybean), Dolichos biflorus (horse gram)

participation in growth regulation Medicago sativa (alfalfa), Cicer arietinum (chick
pea)

adjustment to altered environmental conditions Triticum aestivum (winter wheat)

[a] For further information on carbohydrate specificities, see Table 4. For a recent review, see ref. [26g].
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With regard to the lectins, the take-home messages of this
section are clear: a) plant lectins are widely found, and
b) these lectins are endowed with various functional activities
through their carbohydrate-binding activity. The number of
ways in which plant lectins are successfully applied as tools
(summarized in Table 5) intimates that far-reaching opportuni-
ties would be missed if the system of complementary molecu-
lar interaction exploited with these laboratory tools were not
naturally operative in animals. In the search for biochemical
hardware for programmed ™lock-and-key∫ interactions, lectins
and glycans have thus been judged to be ™reasonable candi-
dates.∫[49] To gauge the extent to which our knowledge of
animal lectins has advanced over the last few decades (see
also Table 2), it is informative to recall the scepticism with
which this concept was confronted three decades ago. At that
time, the view was held (as for antibodies and antigens) that
lectins and oligosaccharides ™are unlikely to provide a general
mechanism of recognition and communication of the type
postulated by Weiss[50] because one member of each pair is
probably not a common cell component. The known lectins
generally originate from plants or invertebratesº∫[49] Isolation
of the C-type hepatocyte asialoglycoprotein receptor in 1974
and the galectin (electrolectin) from the electric eel (Electro-
phorus electricus) in 1975, along with later work in 1980 lead-
ing to the biochemical verification of the presence of lectins in
snake venom (originally discovered by Mitchell in 1860),[17, 51] as
well as the ensuing work has markedly changed this view.[28c,e]

The next section is a brief survey of the current status of
knowledge of lectin occurrence and functions in animals.

5. Animal Lectins: Occurrence, Functions, and
Applications

The complexity of glycosylation reactions in animals, especially
mammals, and of the resulting glycans which form the cellular
glycome is matched by that of proteins with a carbohydrate
recognition domain that meet the criteria for classification as a
lectin given at the end of Section 3.[4,28c,e] The great strides
taken in sequence and three-dimensional analysis of lectins
have enabled researchers to pinpoint modules that accommo-
date glycan epitopes with great precision.[28c,e,52] A minimum of
five lectin families has been solidly defined, the C-, I-, and P-
type lectins, pentraxins, and galectins.[28c,e] New additions to
this list will very likely include: a) the two molecular chaper-
ones calnexin and calreticulin, which have a folding pattern re-
sembling that of leguminous lectins, b) a mannose-binding
lectin from the pufferfish Fugu rubripes with sequence similari-
ty to the agglutinins of monocotyledonous plants with the
same binding specificity, c) tachylectin 5A/ficolin, with their
fibrinogen-like binding sites, d) the ™chitinase-like∫ Ym1 lectin
with its TIM barrel, e) fucose-binding eel lectins, which have a
b-barrel with jelly-roll topology, and f) glycosaminoglycan-bind-
ing receptors/adhesion molecules.[19f, 28c] This subclassification is
evocative of that of glycosyltransferases and each lectin family
encompasses more than one member. Table 7 gives an idea of
the degree of intrafamily diversity. The table shows the current
status of the family of mammalian galectins (Ca2+-independent

animal lectins with specificity for b-galactosides and derivatives
thereof, a jelly-roll-like folding pattern, and a set of invariant
amino acids in the site of contact with the ligand that includes
a central Trp residue; see Section 2 for the role of the indolyl
side chain). Scouring genome databases for respective hits is
thus a worthwhile activity, and homology-based database
mining is becoming a valuable tool for the detection of new
family members.[53] A further striking example of intrafamily di-
versity is the proteins containing the C-type domain (115±130
amino acids with four invariant Cys residues and a characteris-
tic consensus sequence). This domain is often found in mosaic-
like proteins with functions involved in cell adhesion (e.g. the
selectins in lymphocyte recirculation) or organization of the ex-
tracellular matrix (e.g. the hyalectans/lecticans), and in proteins
involved in glycan endocytosis. The gene encoding the C-type
domain is placed seventh in frequency amongst the 19099
predicted genes of the nematode Caenorhabditis elegans and
thus surpasses even the epidermal-growth-factor-like and Ig-
superfamily domains in ranking.[54] With 165 or 183 open read-
ing frames (according to separate calculations), this motif, typi-
cal for a member of the family of animal lectins, is well-repre-
sented in the genome of the model organism.[52c,55] To date,
over a hundred human proteins with C-type lectinlike domains
have been described, which establishes this group of domains
as a lectin family. These lectins are divided into six subgroups
based on their individual modular and quaternary struc-
tures.[52c] These numbers reflect a complex evolutionary geneal-
ogy and intimate fine-tuning of ligand specificity for distinct
functions.

This type of lectin and also members of several other fami-
lies take advantage of the elaborate enzymatic process line
that specifically tailors the branch ends of glycan chains by
preferentially targeting the spatially accessible tips of the
sugar antennae. That lectins, through binding to their distinct
glycan determinants, are indeed able ™to provide a general
mechanism of recognition and communication∫[49] (the wide-
spread presence of lectins in animals has already convincingly
dispelled the concerns quoted above) is proven by the accrued
knowledge presented in Table 8. It is immediately clear from
the entries in this table that these insights into lectin function
offer enormous potential for applied research in chemical biol-
ogy. Endocytic receptors of the C-type lectin family, with their
fixed geometry of binding sites, are ideal as targets for syn-
thetically tailored drug carriers. These receptors render uptake
into cells such as hepatocytes feasible.[56] Antiviral drugs can
thus be delivered to hepatocytes, for example by using trian-
tennary N-glycans with GalNAc in the terminal position as a
post code. Conversely, lectin-dependent clearance of glycosy-
lated pharmaproteins is therapeutically disadvantageous as it
reduces the bioavailability of the drug. It is reasonable in this
case to modify the glycan structure to reduce or even avoid
lectin binding. Integration of chemoenzymatic N-glycan syn-
thesis and bioassays toward this aim has spawned progress in
this field.[57] To be specific, biantennary complex-type N-glycans
with a2-3(6)-sialylation and/or bisecting GlcNAc or core fucosy-
lation in the bioactive part of the neoglycoproteins have been
studied. a2-6-Sialylation of a biantennary complex-type N-
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glycan is a means of conferring the signal to its carrier for a
rather long period of circulation.[57] Addition of a bisecting
GlcNAc residue to the biantennary N-glycan considerably in-
creases uptake of the neoglycoprotein into the liver and
spleen, which is relevant for clinical imaging. Neither core fuco-
sylation nor use of the glycan free of substitution can achieve
the same effect.[57] As the cited reports describe in further
detail, glycan modification by substitution can also bring
about notable changes in the affinity of the molecule for solu-
ble lectins, an effect emerging from the presence of distinct
substitutions with biological/clinical relevance.[57] Another
route towards optimization of glycosylation for clinical use in-
volves glycoengineering. In this approach, new N-glycosylation
sequences (the sequon Asn-X-Ser/Thr, where X is any amino
acid except Pro) are introduced into protein therapeutics such
as recombinant human erythropoietin by site-directed muta-

genesis. The duration of serum
presence and the activity of the
engineered glycoproteins in vivo
have been increased in this
way.[58] The combined use of
these chemoenzymatic strat-
egies, which render N- and O-
glycans of choice available,[57,59]

and molecular biological engi-
neering is bound to bring about
the rational design of com-
pounds with prolonged bioavail-
ability or refined capacity for
specific delivery.

Fixed topological presentation
of binding sites, as discussed
above, is also a prerequisite for
blocking access to bacterial/viral
lectins, a new concept for inter-
fering with the adhesion step of
infections and the binding of
AB5-toxins.

[30g,k] The fivefold sym-
metry of the presentation of the
binding sites in these toxins pro-
vides the potential for extremely
tight binding by a suitably de-
signed pentavalent ligand. This
configuration is evocative of a
starfish and such compounds
are 107-fold more potent in in-
hibition assays than their mono-
mers.[30k] Since soluble lectins
also display binding sites in dis-
tinct arrangements, the thera-
peutic concept may be extended
beyond infections toward at-
tenuating lymphocyte accumula-
tion or metastatic spread. Glyco-
dendrimers have indeed been
shown to impair binding of ga-
lectins both in solid-phase

assays with selectivity for the glycoprotein ligand and type of
galectin, and in cell-binding studies.[60] The recently delineated
involvement of galectins in tissue invasion during glioblastoma
progression or within the metastatic cascade (e.g. in colon,
breast, or prostate carcinoma)[16b,61] is a potential area of inter-
est for testing these ideas in applications. In addition to the ef-
fects of the spatial presentation of ligands on synthetic scaf-
folds such as wedge-like glycodendrimers,[60c,d] the fine specific-
ity differences between these homologous endogenous lectins
are being delineated to enhance probe selectivity, another
challenge for chemical biology.[62] A theory is forming that the
structure of the ligand and the spatial mode of its presentation
modulate binding avidity in markedly different ways for indi-
vidual lectins of a family. The detection of these differences
lends credit to the assumption that intrafamily diversification is
accompanied by quantitative alterations of the ligand profile,

Table 7. Members of the galectin family of mammalian lectins.[a]

Name Occurrence Structural features

galectin-1 (galaptin,
L-14)

many cell types homodimer; one CRD per subunit
(14±15 kDa): proto type

galectin-2 gastrointestinal tract ; clone from human
hepatoma

homodimer; one CRD per subunit (43%
sequence identity to galectin-1; 14 kDa):
proto type

galectin-3 (CBP35, Mac-
2 antigen, IgE-binding
protein, L-29, L-34)

many cell types monomer with one CRD (oligomer for-
mation in solution and on surfaces) ;
Pro-, Tyr-, and Gly-rich repeats in N-ter-
minal section (27±36 kDa): chimera type

galectin-4 colon, small intestine, stomach, oral epi-
thelium, esophagus; lung, testis, breast,
liver, and placenta by RT-PCR

monomer with two partially homolo-
gous but distinct CRDs connected by a
link peptide (36 kDa); proteolysis gener-
ates truncated proto-type-like products :
tandem-repeat type

galectin-5 reticulocytes, erythrocytes (rat) monomer with one CRD (17 kDa): proto
type

galectin-6 small intestine, colon tandem-repeat arrangement of two
CRDs (33 kDa)

galectin-7 keratinocytes, stratified epithelia, carcino-
ma cells

homodimer; one CRD per subunit
(15 kDa): proto type

galectin-8 several tissues; frequently present in
tumor cell lines (link peptide extension
possible)

homologous to galectins-4 and -6
(tandem-repeat arrangement of two
CRDs with unique link peptide; 34 kDa)

galectin-9 small intestine, liver, lung, kidney,
thymus (rat/mouse; small intestinal iso-
form with 31/32 amino acid extension of
link peptide); lymphatic tissue and B
cells, T cells and macrophages, pancreas,
colon carcinoma cells (human)

homologous to galectins-4, -6, and -8
(tandem-repeat arrangement of two
CRDs with unique link peptide; 36 kDa)

Charcot±Leyden crystal
protein (galectin-10)

major autocrystallizing constituent of
eosinophils and basophils

one CRD-like structure with specificity
for d-Man (16.5 kDa)

galectin-11 (ovgal-11) sheep gastrointestinal tract, induced
upon nematode infection

one CRD, resembles proto-type galectins
(14 kDa)

galectin-12 several tissues (upregulation in cells
synchronized at the G1 phase or G1/S
boundary of the cell cycle), adipocytes

homologous to galectins-4, -6, -8, and -9
(tandem-repeat arrangement of two
CRDs with unique link peptide; 35.3 kDa)

galectin-13 identical to placental protein 13 (pp13) ;
also expressed in the spleen, kidney,
bladder, and in tumor cells

homodimer; one CRD per subunit
(16.1 kDa); close similarity to galectin-7
and the Charcot±Leyden crystal protein

galectin-14 ovine eosinophils, secreted into bron-
choalveolar lavage fluid

one CRD resembling proto-type galec-
tins (18.2 kDa)

[a] Taken from ref. [27c] , extended, and modified. Please note that the presence of the galectins in humans has
not been confirmed in all cases (e.g. rat galectin-5).
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as mentioned at the start of this section. Systematic chemical
mapping with ligand derivatives and screening of arrays/libra-
ries to discover potent ligand mimetics are likely eventually to
allow molecules to be devised that fit hand-in-glove into a par-
ticular galectin (or any other lectin of clinical interest).[13d,16d,32]

As in the case of plant lectins, these reagents will be instru-
mental to the detection of lectin activities and to their cyto-
and histochemical localization, which is relevant to histopathol-
ogy.[27] This approach (i.e. tracking down carbohydrate-binding
proteins by using synthetic probes) has been termed ™reverse
lectin histochemistry∫ to distinguish it from the routine lectin
applications listed in Table 5.[63]

The deployment of mammalian lectins as laboratory tools
has lagged behind application of agglutinins from plants. The
reasons for this lack of application are definitely the limited
availability of, and access to the reagents. The easy-to-follow
protocols provided by recombinant technology to solve this

problem have paved the way for
endogenous proteins to become
tools too. As research tools (see
Table 5), the endogenous lectins
offer the added advantage of
being able to act as potential
therapeutic agents that exploit
natural substances and signal
pathways, for example, to limit
tumor proliferation or T-cell-
dependent immune disor-
ders.[28f,41c, 64] Since lectins natu-
rally select binding partners for
an in situ function, it is a sure
bet that assays involving the
participation of endogenous lec-
tins will increase in number. In
terms of functional considera-
tions, the development of assays
with endogenous lectins (instead
of plant surrogates) can be con-
sidered a quantum leap. Since
the fine sugar specificities of
plant and mammalian lectins
often differ, results obtained
with plant lectins suffer from the
inevitable drawback that they
cannot be reliably extrapolated
to in situ functionality.

We have compiled the docu-
mented functions of animal lec-
tins for review in Table 8. Evi-
dently, carbohydrates serve as
versatile ligands. It is thus logical
to ask a fundamental question
on the nature of oligosacchar-
ides: ™How can flexible mole-
cules act as signals?∫[65] This con-
cern was put into words in a
recent review in which the

author states that, ™on several occasions I have heard structural
biologist colleagues state that the glycan units in a glycopro-
tein, for instance, cannot be important because they are too
flexible to be seen in an X-ray crystal structure or by NMR. In
other words, if they do not have a structure, how can they
have a function? That this conclusion is gratuitous∫[2] can be
seen by turning to the next section.

6. The Third Dimension of the Sugar Code

It is in principle correct to point critically at the inherent flexi-
bility of oligosaccharides. Rapid intramolecular movements can
explain the frustrating futility of attempts to obtain crystals
from viscous solutions produced by synthetic carbohydrate
chemistry. In glycoproteins, the glycan antennae can even
behave as nearly separate entities, a noteworthy factor that
allows the proteomic complexity to be increased through dis-

Table 8. Functions of animal lectins.[a]

Activity Example of lectin

ligand-selective molecular chaperones in endoplasmic
reticulum

calnexin, calreticulin

intracellular routing of glycoproteins and vesicles ERGIC-53 and VIP-36 (probably also ERGL and VIPL),
P-type lectins, comitin

intracellular transport and extracellular assembly nonintegrin 67-kDa elastin/laminin-binding protein
inducer of membrane superimposition and zippering
(formation of Birbeck granules)

langerin (CD207)

cell-type-specific endocytosis hepatic and macrophage asialoglycoprotein receptors,
dendritic cell and macrophage C-type lectins (man-
nose receptor family members of the tandem-repeat
type and single CRD lectins such as langerin/CD207),
cysteine-rich domain of the dimeric form of the man-
nose receptor for GalNAc-4-SO4-bearing glycoprotein
hormones in hepatic endothelial cells, P-type lectins

recognition of foreign glycans(b1,3-glucans, LPS) CR3 (CD11b/CD18), dectin-1, Limulus coagulation fac-
tors C and G, earthworm CCF

recognition of foreign or aberrant glycosignatures on
cells (including endocytosis or initiation of opsoniza-
tion or complement activation)

collectins, L-ficolin, C-type macrophage and dendritic
cell receptors, a/q-defensins, pentraxins (CRP, limulin),
tachylectins

targeting of enzymatic activity in multimodular pro-
teins

acrosin, laforin, Limulus coagulation factor C

intra- and intermolecular modulation of enzyme activ-
ities in vitro

porcine pancreatic a-amylase, galectin-1/a2-6-sialyl-
transferase

bridging of molecules homodimeric and tandem-repeat-type galectins, cyto-
kines (e.g. IL-2:IL-2R and CD3 of T-cell receptors), cere-
bellar soluble lectin

induction or suppression of effector release (H2O2,
cytokines, etc.)

galectins, selectins, and other C-type lectins such as
CD23, BDCA-2, and dectin-1

cell growth control and induction of apoptosis/anoi-
kis

galectins, C-type lectins, amphoterin-like protein, hya-
luronic-acid-binding proteins, cerebellar soluble lectin

cell migration and routing selectins and other C-type lectins, I-type lectins, galec-
tins, hyaluronic-acid-binding proteins (RHAMM, CD44,
hyalectans/lecticans)

cell±cell interactions selectins and other C-type lectins (e.g. DC-SIGN), ga-
lectins, I-type lectins (e.g. siglecs, N-CAM, P0, or L1)

cell±matrix interactions galectins, heparin- and hyaluronic-acid-binding lectins
such as hyalectans/lecticans, calreticulin

matrix network assembly proteoglycan core proteins (C-type CRD and G1
domain of hyalectans/lecticans), galectins (e.g. galec-
tin-3/hensin), nonintegrin 67-kDa elastin/laminin-bind-
ing protein

[a] Taken from ref. [4c] , extended, and modified.
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tinct template-independent posttranslational modifications,
without altering the genomic coding capacity.[15a] Close inspec-
tion of this flexibility by molecular modeling (molecular me-
chanics and dynamics simulations) and NMR spectroscopy[65,66]

has revealed that ™certain glycans have highly favored confor-
mations.∫[2] Figures 2 and 3 focus on ligands for the galacto-
side-specific lectins (galectins and mistletoe lectin) introduced
above and illustrate that the conformational space of such a
free disaccharide is energetically structured like a topographi-
cal map is arranged with respect to altitude. The molecules

populate low-energy (valley) positions in the molecular dynam-
ics simulations, and this result is experimentally verified by the
detection of time-averaged interresidual resonance transfer be-
tween water-insensitive C�H protons (Figures 2 and 3).[67] Such
disaccharides thus have access to more than one position in
the F, Y, E plot characterizing the distinct sets of energetically
favored conformations (Figure 2, Figure 3). Since ™the carbohy-
drate moves in solution through a bunch of shapes each of
which may be selected by a receptor,∫ Hardy has likened such
a carbohydrate ligand to a ™bunch of keys,∫[68] with explicit ref-

Figure 2. Illustration of conformational aspects of the disaccharide Galb1-3GalNAca/b. This epitope (the a-anomer is the Thomsen±Friedenreich tumor antigen) is
a ligand for galectins (for further information on this family of animal lectins, see Tables 7 and 8), as shown by the occurrence of two interresidual trNOE contact
signals in the 2D trNOESY spectrum of a mixture (molar ratio 10:1) of the disaccharide with chicken liver galectin (CG-16), recorded at 500 MHz and 298 K with a
mixing time of 100 ms (top). Introduction of this information as two pairs of contour lines into the conformational energy map (F, Y E plot) derived from molecu-
lar mechanics calculations (e=4) limits the conformational space of the bound ligand. It is also limited in this way when the experimental information is intro-
duced into the molecular dynamics profile (300 K, 1000 ps) derived from calculations that explicitly include water molecules and start from the F, Y coordinates at
0/1808 outside the central low-energy valley. These calculations reveal a high population density within this central valley (middle), as described previously.[67b]

Three individual low-energy conformations from the central area, marked 1, 2, and 3 in the energy map, were drawn by using these sets of F, Y angle combina-
tions to visualize the structural impact of F, Y angle changes (bottom).
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erence to the ™lock-and-key∫ paradigm introduced by
Fischer in 1894 (see Section 2).[5] Taken literally, each
individual conformer (™key∫) is endowed with the po-
tential to interact with a certain complementary re-
ceptor site (™lock∫).

In other words, a lectin might perform conformer
selection, which provides a starting point for hypoth-
esis-driven work. Several agglutinins that share se-
quence specificity for a disaccharide might subject
the ligand population to differential conformer selec-
tion. In this sense, recognition is primarily a shape
problem (see the passage quoted above), a statement
with substantial implications for the design of thera-
peutic glycomimetics. As illustrated in Figures 2 and
3, experimental data on interresidual proton distances
for the ligand in complex with the lectin in solution
are obtained by transferred nuclear Overhauser effect
(trNOE) spectroscopy, where the signal intensity
serves as a molecular ruler.[66,69] Whereas the defini-
tion of the bound conformation is not unambiguous
for the example given in Figure 2 and requires further
experimental input or a docking analysis (see below
for further discussion and also Figure 4), the informa-
tion presented in Figure 3 clearly demonstrates the
principle of differential conformer selection by lectin-
s.[66a,67] In this instance, a single disaccharide (Galb1-
2Gal) forms two rapidly interconverting shapes. Each
specifically interacts with only one of the two differ-
ent lectins, that is, either with a galectin or a plant
lectin. The same ligand can form a bioactive and a
bioinert conformation when viewed from the per-
spective of the galectin tested. As Roseman com-
mented, ™it is this interplay between proteins and dif-
ferent conformers that likely allows a single carbohy-
drate structure (º) to be used in many different
ways.∫[2] In terms of methodology, it is the interplay of
carbohydrate chemistry, molecular modeling, NMR

Figure 3. Illustration of the structural aspects of differential con-
former selection of a digalactoside by a plant and an animal lectin.
Relevant parts of 2D ROESY/trNOESY spectra (recorded at 500 MHz,
298 K with a mixing time of 100 ms) of the free disaccharide
Gal’b1-2Gal (A) and of this ligand at a 10:1 molar ratio with (B) the
galactoside-specific mistletoe lectin (Viscum album L. agglutinin,
VAA; see Table 4 for further information) and (C) the chicken liver
galectin (CG-16), respectively. The spectra show three interresidual
cross-peaks for the free ligand and two such signals for the lectin±
ligand complexes, as described previously.[66a, 67a] The interresidual
H1’/H2 cross-peak is shared by the three spectra, whereas only one
of the interresidual H1’/H1 and H1’/H3 cross-peaks is present in
each of the trNOESY spectra of the ligand with the plant and
animal lectins. Molecular mechanics (e=4) and molecular dynamics
calculations (e=80, CVFF, 300 K, 1000 ps), combined with the NMR-
spectroscopy-based contour line pairs (see refs. [66a, 67a] for de-
tails), revealed that only one of the two conformers present in solu-
tion (labeled as 1 and 2 in the F, Y, E plot) was bound by each of
these two lectins (D). The plant agglutinin and the animal lectin
select different conformers of the digalactoside. The structures of
the conformers are shown in (E).
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spectroscopy, and biochemical preparation of the receptors that
allows the validity of this concept to be convincingly proven.

The power of this integrated approach is again made evi-
dent in Figure 5, which shows the bound-state conformers of a
glycomimetic. The tested C-glycoside offers the pharmacody-
namic advantage of resistance to hydrolytic cleavage. However,
an increased degree of flexibility relative to that of the O-gly-
coside results from the introduction of a methylene bridge in
place of the oxygen atom (for further information, see the
legend of Figure 5).[70] By using exclusive interresidual contacts
as fingerprint-like characteristics for a certain bound-state top-
ology, differential conformer selection was established and the
conformers selected by galectin-1 (syn-F, Y), the B chain of
ricin (anti-Y), and an enzymatically inactive mutant of the bac-
terial b-galactosidase (anti-F) were tracked down.[71] One may
wonder whether this result applies only to small ligand struc-
tures or also to naturally occurring extended saccharide chains.

A recent example is provided by a combined NMR spectrosco-
py and molecular modeling study that defined the bound-
state topology of a cell-surface-exposed oligosaccharide chain,
the pentasaccharide of ganglioside GM1. The obtained data
add further strong support to the concept that a certain low-
energy conformer is favored for binding. The carbohydrate
chain of the ganglioside is the target for both cross-linking by
galectin-1 to induce inhibition of the growth of human SK-N-
MC neuroblastoma cells and for the AB5 toxin of Vibrio choler-
ae.[30k, 64a] This ability of one molecule to act as a ligand for two
structurally unrelated receptors prompts questions about the
topological aspects of these two recognition processes. As
shown in Figure 6, in which the two bound-state conforma-
tions are compared, there is indeed a difference at the branch
point of the carbohydrate chain.[72] The dihedral angles of the
Neu5Aca2-3Gal linkage in the bound ligand are either F, Y=

708/158 in the case of galectin-1 (in solution) or about �1728/
�268 for cholera toxin (in crystals). The conformations selected
for binding represent two of the three lowest-energy confor-
mations of the free ligand. Binding causes no distortion of the
topology of the selected ™key∫. This result makes it tempting
to suggest that ligand derivatives with the same carbohydrate
sequence but conformational restriction at the linkage of the
internal branch point could no longer interact with both recep-
tor proteins. After all, it would be clinically desirable to block
the action of the AB5 toxin with an inhibitor while lowering
the affinity of the inhibitor to the endogenous lectin to avoid
undesired side reactions. This challenge at the interface of syn-
thetic carbohydrate chemistry and chemical biology can be
tackled rationally given precise topological information.
Beyond selectivity, the binding of a deliberately preformed
conformer might also help reduce the entropic penalty in the
thermodynamic balance sheet of the overall association and
accommodation process.[13c,e, 65] When we analyzed the binding
of the pentasaccharide to galectin-1 by modeling, we were
able to obtain information on the major contact sites and the
resulting interaction energy terms, data that provide more
input for the design of glycomimetics.[72]

An intriguing example of the intimate relationship between
carbohydrate flexibility and molecular recognition is given by
iduronic acid in heparin/heparan sulfates, as outlined in Sec-
tion 2 (for the position of l-iduronic acid in the anticoagulant
heparin pentasaccharide that binds to antithrombin III, see
Scheme 4). When latched into the recognition site of the
plasma protein antithrombin III, 2-O-sulfated l-iduronic acid is
driven toward its skewed 2S0 conformation. In contrast, the
local-kink-forming 1C4 conformation is preferred by fibroblast
growth factors because it maximizes contact between the
target determinant in the glycosaminoglycan and these homol-
ogous proteins.[10,73] This amazing role as a versatile hinge that
allows the crucial regions of the glycosaminoglycan to adopt
the most favorable spatial topology makes it clear that the de-
velopment of the epimerase reaction that produces l-iduronic
acid was not a fortuitous event but a wise investment. The
given examples teach this lesson: the more we learn about the
intricacies underlying the virtues of carbohydrates as ligands,
the more refined the ideas on the drawing-board for devising

Figure 4. Illustration of the substantial gain of information about the actual
conformation of a carbohydrate ligand provided by access to NOE data for
contacts involving water-exchangeable protons, and an experimental example
to verify the validity of this concept (discussed in detail previously).[76a] The blur-
ring in (A) demonstrates that even the presence of two interresidual contacts
(here H1’ to H3 and H4 of Gal’a1-3Galb1-R) does not allow accurate definition
of the conformation of the disaccharide (see Figure 2 (middle) and Figure 3D
for the size of the area shared by two pairs of contour lines in the E plot).
Although the results of molecular mechanics calculations intimate that the
bound-state conformations are at low-energy sites in the F, Y, E plots, further
experimental evidence to support this assumption is essential. This verification
is symbolized by the substitution of the blurred image by a clear structure (B)
after inclusion in calculations of a signal indicating a third contact. In fact,
detection of the new water-sensitive contact by analysis of protein±ligand com-
plexes in an aprotic solvent improves the precision of the conformational de-
scription by allowing a third pair of contour lines to be added to the E plot.
This pair of lines delimits the area of overlap of the two pairs of lines drawn
based on water-insensitive contacts (C). Remarkably, this area representing the
ligand's bound-state conformation, which is accommodated by a natural im-
munoglobulin G fraction from human serum, lies within/close to the central
low-energy valley.[76a]
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ligands with optimal fit and specificity will become. Considera-
tion of the shape of the molecule and its control will play a
major role in this process. Rational synthesis and manipulation
of the structural details of the molecule, such as the sulfation
pattern, as well as screening of oligosaccharide libraries pro-
vide routes to augment the affinity of ligands for certain tar-
gets and to obtain substances with special biological proper-
ties, such as dissociating anticoagulant and antiangiogenic ac-
tivities.[9, 74] The guidelines for the synthesis clearly rely on the

precision of the information on
the bound-state topology of
the ligand. As shown in Fig-
ures 2, 3, and 5, only C�H pro-
tons have been exploited as re-
porter groups so far. Recruiting
hydroxy protons to contribute
to the fingerprint of 2D trNO-
ESY/ROESY cross-peaks would
improve the quality of our
view of bound-state ligand
topology, as graphically depict-
ed in Figure 4A and B. To pre-
clude loss of the information
from water-exchangeable hy-
droxy protons, one option was
to build on pioneering work
with glucosides. Sharp signals
were detected for these study
objects when they were dis-
solved in an aprotic solvent (di-
methyl sulfoxide).[75] The con-
cern that the activity of carbo-
hydrate-binding proteins might
be harmed substantially by the
solvent change was addressed
by performing systematic bind-
ing assays. These assays re-
vealed that the activity of pro-
teins with a well-structured
folding pattern, for example,
the jelly roll of galectins, the
double b trefoil of the mistle-
toe lectin, and the Ig fold of
immunoglobulin G fractions, is
not harmed by such solvent
change.[76] These data square
well with encouraging experi-
ences with enzymes in organic
solvents.[77] The results of such
experiments also intimate that
the folding pattern, at least
around the binding site, is not
markedly changed by the sol-
vent. Indeed, the accuracy of
this assumption has been as-
certained experimentally. For-
mation of dimers of the homo-

dimeric galectin-1, instead of any indication of unfolding, was
observed by small angle neutron scattering.[78] The experimen-
tal approach of turning to aprotic solvents for trNOE spectros-
copy thus affords the possibility of detecting signals from
ligand protons other than those originating from resonance
transfer between C�H protons. Figure 4 illustrates results from
a proof-of-principle example. The results shown prompted con-
sideration of how the range of applicability of this approach
could be extended.

Figure 5. Illustration of the structural aspects of differential conformer selection of C-lactoside by an animal lectin (ga-
lectin-1), a plant lectin (the B chain of ricin; see Table 4 for further information), and a catalytically inactive form of
E. coli b-galactosidase (the asterisk denotes the E537Q mutant). The glycomimetic, which cannot be hydrolyzed, ac-
cesses 23% of the conformational space in the F, Y, E plot, while 12% is accessed by the O-lactose.[71b] The increased
flexibility of C-lactoside compared to O-lactoside is accompanied by a shift of population density from the syn confor-
mation (F, Y: 558, 208) to the anti-Y conformation (F, Y: 408, 1808) to give a 32/54% ratio of the confomers.[71b]

The three conformations of C-lactoside at relative energy minima (syn, anti-Y, and anti-F) are characterized by the
occurrence of distinct interresidual resonance transfer processes, each of which is possible for only one topological
constellation and thus establishes an exclusive contact. Each arrow in the figure originates from the respective posi-
tion in the F, Y, E plot and points to the relevant part of a spectrum, shown together with a molecular model in
which the pair of protons establishing the exclusive contact is indicated: GalH1/GlcH4 (syn), GalH1/GlcH3 (anti-Y),
and GalH2/GlcH4 (anti-F).[69b,71d] Detection of cross-peaks arising from any of these exclusive contacts in the 2D trNO-
ESY spectra of the three types of lactoside-binding proteins allows the bound-state conformation of the lactoside to
be defined. The animal lectin, the plant agglutinin, and the enzymatically inactive bacterial b-galactosidase select dif-
ferent conformers of the ligand.
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A recent study demonstrated that addition of measured
amounts of water to an aprotic solvent does not prevent
measurement of sharp signals from the hydroxy protons of the
ligand, even at temperatures well above 0 8C.[79] We thus sug-
gest that the use of binary solvent/water mixtures has the po-
tential to enter the panel of strategies for collecting very de-
tailed information on bound-state topology. The aim of these
techniques is to enable the complete structure of the complex,
including all details of the receptor, to be revealed by analysis
in solution. From this information, the way in which ligand
binding affects the conformation of the receptor, including its
sites for protein±protein interactions (measured for galectin-1
in solution by small angle neutron scattering),[78] could be dis-
cerned. This is a demanding task to accomplish, both for the
biochemist, who has to supply (isotope-labeled) material in
sufficient quantity and with sufficient solubility for analysis,
and for the NMR expert, who is responsible for turning spectra
into a structure. This problem has already been solved for a
synthetic Thomsen±Friedenreich antigen-binding 15-mer pep-
tide, hevein-domain-containing plant lectins or lectin domains
such as the 43 amino acid hevein and GlcNAc oligomers (see
Figure 7), the 11-kDa cyanovirin-N from the cyanobacterium
(blue-green alga) Nostoc ellipsosporum and Mana1-2Mana, as
well as the 198 amino acid adhesin domain of P-pili from uro-
pathogenic E. coli (PapGII) and galabiose (Gala1±4Galb).[80]

In answer to the question that has guided this section,
namely how flexible compounds can act as ligands, it has
become clear that the conformational space of carbohydrates
is structured into several areas. These areas are distinguishable
by their relative energy levels. Only a limited set of conforma-
tions (™bunch of keys∫)[68] is attributed to low-energy valleys,
and the accommodation of such conformers is evidently not
associated with an insurmountable entropic barrier. Although
the molecular details of the overall thermodynamics of the
generally enthalpically driven binding reaction are yet to be
understood,[13c,e] the merging of synthetic excellence with in
silico and in vitro techniques guarantees progress toward re-
solving this issue eventually.

7. Conclusions and Perspectives

The multifarious intermolecular recognition and regulation
processes that underlie the efficient and smooth functioning
of cell sociology have hitherto been assigned exclusively to nu-
cleic acids and proteins in the central dogma of molecular biol-
ogy. Despite a fashionable tendency to write off anything
beyond genomics, the problem of how the limited panel of
primary gene products is increased to serve all purposes prop-
erly and even to allow rapid and reversible regulation has en-
gendered a surge in interest in mechanisms of posttranslation-
al modification. Glycan chains have all the properties required
for high-density information storage and are therefore quali-
fied to make a mark in this respect. Their finely tuned synthesis
even allows for dynamic modulations in response to external
signals, and the ensuing interplay with endogenous lectins fur-
nishes cells with an efficient communication system. This tran-
sition in the way we look at glycans, which means that the
focus is no longer merely on the role of these molecules as
biochemical fuel or protective cell wall constituents, has not
passed unnoticed. As a consequence, cellular glycoconjugates
and lectins are receiving increasing attention and respect. The
entry at the bottom of Table 2 concerning the years 2001/2 at-
tests this development. Stepwise refinements in instrumental
capacity for structural analysis of carbohydrate oligo- and poly-
mers have made it possible to consider deciphering the se-
quence of a glycan no longer deterrent.[15a,81] The same holds
true for conformational analysis. The realization of the enor-
mous talents of glycans occurred in a gradual process rather
than by a quantum leap.[82] Fittingly, progress in lectinology
also followed this pattern, as the historic survey in Table 2 re-
counts and the steady increase of publications dealing with
lectins reflects.[16d] The instrumental role of leguminous and eel
lectins in the definition of the structure of AB0 histo-blood
group epitopes about 50 years ago (see Section 3) sets a prec-
edent for, and shows the enormous potential of merging these
lines of research in the glycosciences branch of chemical biolo-
gy. The design of optimal ligands to block disease-causing
lectin activities (e.g. in bacterial infection or tumor invasion) or
of lectin-mimetic peptides to elicit clinically beneficial lectin ac-
tivities (e.g. removal of activated T-cells in autoimmune diseas-
es or destruction of tumor cells by mimicking the capacity of
galectin-1 to induce apoptosis/anoikis) are aims for this re-
search. As summarized by Sharon recently, ™breaking the glyco-
code and identifying the receptors are of prime importance
not only for theoretical reasons, but also to facilitate the devel-
opment of novel treatments for the many diseases in which
carbohydrate recognition plays a key role.∫[83]
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Figure 7. Relevant sections of the 2D NOESY spectra (recorded at 360 MHz, 300 K and with a mixing time of 200 ms) of the 43 amino acid plant lectin hevein (for
further information on this lectin, see Table 4) in the absence (A) and in the presence (B) of N,N’-diacetylchitobiose. Characteristic alterations in the Ser19-dependent
signals caused by the presence of a ligand are indicated by arrows. Involvement of the aromatic amino acids Trp21, Trp23, and Tyr30 in ligand binding is delineated
by laser photo CIDNP difference spectra (aromatic section) of 1 mm hevein in the absence (C) and in the presence (D) of 1 mm N,N’-diacetylchitobiose at pD 4.[84]

The spatial proximity of Ser19 and the three aromatic amino acid side chains to the ligand is depicted by the superposition of twenty snapshots (E) of the lectin±
ligand complex taken in the course of a molecular dynamics simulation with explicit inclusion of water molecules, as presented in detail previously.[76a]
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could not be completely included, discussed, and cited because of
space limitations and the scope of this review. With regret re-
garding this aspect of the paper, we set out to produce a primer
on the concept of the sugar code as we see it, illustrated by se-
lected proof-of-principle examples to convey a flavor of the field.
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