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The last decade has witnessed steadily growing support for the notion that the carbohydrate
portion of glycoconjugates is not merely an inert structural addition to the protein or lipid
backbone. Considerable attention has been given to the chemical composition of glycosidic
residues in such heteropolymers. Sialic acids are frequently occurring components of oligosac-
charide side chains in glycoconjugates of most higher animals and a few microorganisms. They
appear to play an important role as ligands in glycobiological interactions. Mediation of a
proposed protein-carbohydrate recognition will necessarily involve a binding protein with the
respective specificity. Such proteins thus are able to serve as receptors for certain types of
carbohydrate moieties like sialic acids in vivo. Various members of this class of proteins have
already proven their value as analytical tools in studying expression and localization of de-
fined sialoglycoconjugates. These proteins attract much attention due to both their functions
in situ and their potential as laboratory tools in glycoconjugate research in areas like biochem-
istry or histology. We present a survey of the purification, characterization and application of
this class of proteins to illustrate the status of knowledge and the current directions of research
in this field.

hydroxyl groups at C4, C7, C8 or C9 of the back-
bone. Various sialic acid derivatives exhibit an in-
teresting species and tissue distribution, whose
physiological relevance is not yet fully understood.
For example, N-acetylneuraminic acid (Neu5Ac),
the most common neuraminyl derivative, and its
hydroxylated derivative N-glycoloylneuraminic
acid (Neu5Gc) occur exclusively or together with
othersialic acids in tissue type-dependent quantities
in almost all higher animals [4—6]. O-Acetyl groups
are attached to certain positions in both Neu5Ac
and Neu5Gec. 9-O-Ac—NeuSAc (Neu-5,9-Ac,) is
mainly found in different tissues, sera and saliva of
man, in gangliosides of various vertebrates and in
erythrocytes of mouse, rat, rabbit and Rhesus
monkey, whereas 4-O-Ac—Neu 5 Ac/Gc can be de-
tected in different tissues from horse, donkey and
the Australian monotreme Echidna [4—6].

The ubiquitous occurrence of sialic acids in

Introduction

Molecular recognition between two different
types of determinants is involved in mediation of
the physiological functions of the participating
molecules. In addition to protein-protein or pro-
tein-nucleic acid interactions, the ligand properties
of the carbohydrate part of cellular glycoconju-
gates are now increasingly appreciated [1—3]. Con-
sequently, different determinants of naturally oc-
curring carbohydrate sequences are under scrutiny
in this respect. Due to their location terminally at
the carbohydrate main or side chains of glycocon-
jugates, sialic acids deserve special attention within
the quest to unravel the assumed code, determined
by carbohydrate sequences.

The sialic acids are a family of about 30 deriva-
tives of neuraminic acid, generated by addition of
different substituents at the amino group or at the
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oligosaccharide chains of mammalian glycoconju-
gates prompts the pertinent question concerning
their functional relevance. They appear to play an
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mechanisms at the level of proteins and cells [7—9].
Enzymatic cleavage of sialic acid from human
blood clotting factor IX for example results in a
loss of its activity, and the infection of host cells by
pathogenic agents can be caused by a specific in-
teraction between cell surface sialyl residues and
viral hemagglutinin/sialidase molecules or bacteri-
al agglutinins [3—5, 10]. Moreover, sialic acids are
also involved in the binding of a variety of toxins
to cells, emphasizing their contribution to molecu-
lar recognition [5, 11]. The monitoring of their
presence also deserves attention in pathological
processes, e.g. sialidosis, in which sialoglycoconju-
gates accumulate due to the lack of sialidase [12,
13]. These arbitrarily chosen examples underscore
the physiological relevance of this substance group
for a remarkable variety of processes, warranting
definition of the presence of this epitope and any
modulation during physiological processes like
differentiation or inflammation with specific
probes. This reason is one incentive to turn to sial-
ic acid-binding proteins, viewed as molecular
tools.

The sialic acid-specific lectins or antibodies have
potential applications as specific probes to investi-
gate the role of cell surface carbohydrates during
development, differentiation and malignant trans-
formation of cells, as indicated for other types of
sugar receptors [1—3]. These lectins or antibodies
could be used as powerful tools for the purification
and characterization as well as the study of the dis-
tribution and localization of many sialic acid-con-
taining biomolecules, e.g. glycoproteins, ganglio-
sides and polysaccharides. Immobilized lectin
from Maackia amurensis has been used to separate
a mixture of complex Asn-linked oligosaccharide
chains containing (a2-3)-linked terminal sialic
acid [14]; influenza C virus hemagglutinin has suc-
cessfully been employed to detect the different
forms of two murine glycophorins and O-acety-
lated gangliosides [15] and the S protein of bovine
coronavirus can reliably detect Neu-5,9-Ac,-con-
taining glycoconjugates [10]. Limax flavus lectin
has been used to detect the distribution of sialic
acid residues in various tissues of rat [16].

Sialic acid-binding lectins are mainly found in a
variety of invertebrates, but also in many bacteria
and viruses and in a few plants. The first known
sialic acid-binding lectin was isolated from the
hemolymph of the horseshoe crab, Limulus poly-

phemus [18]. Up to now more than 20 sialic acid-
binding lectins have been isolated and character-
ized from various sources [17, 19]. In addition to
these lectins, the recently discovered mammalian
sialic acid-binding cell adhesion molecules, termed
selectins, sialic acid-specific autoantibodies (cold
agglutinins) and monovalent sialic acid-binding
proteins clearly support the notion that sialic acids
can indeed be ligands for a recognitive protein-car-
bohydrate interplay. The studies on these proteins
will contribute to the understanding of the role of
such a binding site in different classes of proteins.
The following sections are intended to describe
the occurrence of sialic acid-binding proteins in or-
ganisms of various branches of the evolutionary
tree and ways to detect their presence as well as to
present insights into their characterization and
application in basic and applied glycoscience.

Occurrence
Vertebrates

Only a few sialic acid-binding lectins have been
found in vertebrates, e.g. in the uterus [20] and
brain [21] of rat or in frog egg [22], and in Tuni-
cates [23], as summarized in Table I. A sialic acid-
binding protein (calcylin) has been isolated from
several human tissues [24] and bovine heart [25].
Certain cell adhesion molecules like sialoadhesin
and the selectins [endothelial cell-leukocyte adhe-
sion molecule 1 (ELAM-1) and 140 kDa granule
membrane protein (GMP 140)], too, show binding
specificity for sialoglycoconjugates, i.e. the sialyl-
Lewis® structure [26—28]. In addition to these pro-
teins that can be distinguished from immunoglob-
ulins, sialic acid-specific autoantibodies have been
isolated from patients with cold agglutinin disease
[29, 30], from human placenta that has been
proven to be an immunoglobulin G ([31], Zeng
and Gabius, unpublished results) and from mouse
cell lines [32—35]. A summary of their individual
binding preferences to certain sialic acids (type of
modification and linkage in the oligosaccharide
chain) is given in Table II.

Invertebrates

Sialic acid-binding lectins are ubiquitous among
invertebrates (Table I). They are at present already
described for hemolymph of American [36], Indian
[37], and Japanese [38] horseshoe crabs, a marine
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Table I. The molecular properties, sugar specificities and purification methods of some sialic acid-binding lectins.
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Source Molecularweight Carbohydrate Specificity Purification Ref.
Native Subunit content [%]
a) Vertebrates
Rat uterus 30 & 28 n.d. NeuSAc fetuin-Sepharose [20]
Rat brain Neu5Ac, Neu5Gce [21]
Frog egg 12.5 12:5 0 sialoglycoproteins Sephadex G-75, [22]
cellulose-hydroxy-
apatite
and CM-cellulose
Human placenta 190 65 0 Neu5Ac, Neu5Gc Sephacryl S-200, [82]
(sarcolectin) DEAE-cellulose
b) Invertebrates
American horseshoe crab 335 18 4 NeuSAc(x2-3)GalNAc > BSM-Sepharose [36]
( Limulus polyphemus) Neu5Ac(a2-6)GalNAc >
Neu5Ac
Indian horseshoe crab 440 28 5.8 NeuS5Ac(x2-6)Gal > BSM-Sepharose [37]
( Carcinoscorpius rotunda) Neu5Ac(ax2-3)Gal >
Neu5Ac > Neu5Ge
Japanese horseshoe crab 420 42 n.d. Neu5Ac, Neu5Gce BSM-Sepharose and  [38]
( Tachypleus tridentatus) cellofine GC 700
Marine crab 70 35 n.d. 9-O-Ac-Neu5SAc > BSM-Sepharose [39]
(Cancer antennarius) 4-O-Ac-NeuSAc >
Neu5Ac > NeuS5SGc
Saharan scorpion sialyllactose > Neu5Ac > [41]
( Androctonus australis) Neu5Gce
Arizona lethal scorpion Neu5Ac, Neu5Gc [42]
(Centruroides sculpturatus)
Whip scorpion NeuSAc [43]
( Masticoproctus giganteus)
Indian scorpion 500 15 n.d Neu5Ac(a2-3)Lac > ESSG-Sepharose [44]
(Heterometrus granulomanus) Neu5Ac > Neu5Ge
Scorpion sialic acid-containing [19]
( Paruroctonus mesaensis) glycoproteins
American spider sialoglycoproteins [45]
(Aphonopelma cepaeahortensis)
Pacific oyster Neu 5 Ac, sialoglycoproteins [57]
(Crassostrea gigas)
American lobster 1 19S 55 n.d. Neu5Ac, Neu5Gce gel filtration and [47]
(Homarus americanus) gel electrophoresis
American lobster 2 70 70 n.d. NeuSAc fetuin-Sepharose [19]
Black tiger prawn 420 27 n.d. Neu5SAc fetuin-Sepharose [49]
( Peneaus monodon)
Fresh water prawn Neu5Ac [48]
( Macrobrachium rosenbergii)
Sea snail (Dolabella) Neu 5 Ac [51]
African snail 240 15 21 Neu 5 Ac(a2-3)Gal > Neu 5 Ac [52]
(Achatina fulica) (a2-6)Gal > fetuin-Sepharose
Neu 5 Ac > Neu 5 Ge
Garden snail 80 23 & 16 n.d. Neu 5 Ac > Neu 5 Ge [53]
(Cepaea hortensis)
Apple snail (Pila globosa) 440 190, 145 25 Neu5Gce BSM-Sepharose [54]
& 105
Sea slug (Limax flavus) 44 22 NeuS5Ac > NeuSGce BSM-Sepharose [55]
¢) Plants
Wheat germ seed 36 18 0 GIcNAc > Neu5Ac fetuin-Sepharose [58]
( Triticum vulgare)
Elderberry 140 34& 38 5.6 Neu S Ac(a2-6)Gal/GalNAc > BSM-Sepharose [60]
( Sambucus nigra) Neu 5 Ac(a2-3)Gal/GalNAc
Elderberry 23t0 34 nd. mucin fetuin- and mucin- [61]
(Sambucus sieboldiana) Sepharose
Maackia amurensis seed 130 33 n.d. Neu S Ac(a2-3)Gal(B 1-4)Glc/ laminin-Sepharose [14]
(MAL) GlcNAc [62]

Abbreviations: n.d., not determined; BSM, bovine submaxillary mucin; ESGG, equine submandibular gland glyco-
protein; Neu5Ac, N-acetylneuraminic acid; Neu 5 Gc, N-glycoloylneuraminic acid; Gal, galactose; GalNAc, N-ace-
tylgalactosamine; GlcNAc, N-acetylglucosamine.
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Table II. A summary of sialic acid-specific lectin-like proteins and autoantibodies (cold

agglutinins).

Source Sugar specificity Ref.
a) From bacteria

Mycoplasma pneumoniae sialoglycoproteins [64]
Pseudomonas aeruginosa NeuS5Ac [65]
Escherichia coli Neu S5 Ac(a2-3)Gal(B 1-3)GalNAc [66]
Adhesin K 99 sialoglycoconjugates [67]
Streptococcus sanguis NeuS5Ac [68]
Pertussis toxin Neu 5 Ac(a2-6)Gal [89]
Cholera toxin sialic acid-containing gangliosides [19]
b) From viruses

Influenza A virus Neu 5 Ac-containing glycoconjugates [19]
Influenza B virus Neu 5 Ac-containing glycoconjugates [19]
Influenza C virus O-acetylated sialic acids [15]
Sendai virus Neu 5 Ac-containing glycoconjugates [19]
Polyoma virus Neu S Ac(a2-3)Gal(B 1-3)GalNAc [19]
¢) From human or animal sources

Bovine heart (calcyclin) Neu5Gc, NeuS5Ac [25]

Human erythrocytes
(cold agglutinin disease)
Anti-Pr, (Cd, Fl, Sa)
Autoantibodies

Neu 5 Ac(a2-3)Gal(pB 1-4)GIcNAc/Gle [30]

Human serum autoantibodies Neu 5 Ac-containing glycoproteins [29]
(Waldenstrom macroglobulinemia)
Human placenta IgG O-acetylated sialic acids [31]

Hybridoma cell lines Neu5Ac(a2-3)Gal or Neu5Ac(a2-6)Gal  [32, 33]
(monoclonal antibody)

B49 cell lines O-acetylated sialic acids [34]
(monoclonal antibody)

Autoimmune NZB mouse strain sialoglycoconjugates [35]
(monoclonal antibody)

Murine tissue macrophage Neu5Ac(a.2-3)Gal(B 1-3)GalNAc [26]
Cell adhesion molecules sialyl Lewis* [27, 28]

(ELAM-1, GMP 140)

crab [39] and coconut crab [40], in Saharan scor-
pion [41], the Arizona lethal scorpion [42], the
whip scorpion [43], the Indian scorpion [44] and an
American spider [45] as well as in some other spe-
cies of scorpion [46]. Sialic acid-binding lectins
have been reported to be expressed in many species
of Mandibulata, e.g. American lobster [47], fresh
water prawn [48], black tiger prawn [49] and bee-
tles [50], and in many species of Mollusca, e.g.
snails [51—54], sea slug [55], sea mussel [56] and
pacific oyster [57]. As can also be seen from Table
I, few of these lectins have been purified and
biochemically characterized, leaving a large terri-
tory to be carefully mapped.

Plants

Up to now, only a few plants have been found to
contain sialic acid-binding lectins. Wheat germ ag-
glutinin was the first plant lectin, known to have
specificity for sialic acids [58, 59]. Two sialic acid-
binding lectins were isolated from elderberry bark
[60, 61]. A leukoagglutinin from the seeds of the
leguminous plant Maackia amurensis also specifi-
cally binds to sialic acid-containing glycoproteins
[14, 62]. Interestingly, it has recently been demon-
strated that many legume lectins can also interact
with sialic acids besides their strong reactivity to
the saccharides, defining their nominal specificity
in hemagglutination [63].
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Bacteria

Many sialic acid-binding lectin-like proteins
have been detected on the cell surface of bacteria,
such as Mycoplasma [64], Pseudomonas aeruginosa
[65], Escherichia coli[66, 67], Streptococcus sanguis
and Streptococcus mutans [68]. Bacterial exo-
toxins, such as the cholera and the pertussis toxin,
too, exhibit this property [19]. Carbohydrate spe-
cificities of such prokaryotic receptors are exem-
plified in Table II.

Viruses

Viruses constitute no exception concerning the
ability to specifically bind sialic acids. The virus
family Orthomyxoviridae, encompassing the in-
fluenza viruses, and other families such as the
Paramyxoviridae, Picornaviridae, Papovaviridae,
Reoviridae and Adenoviridae have been shown to
be a source of sialic acid-specific hemagglutinins
[5,15,17,19].

Carrier-immobilized sialic acids as tools to detect
respective receptors

Labeled carbohydrate ligands have been em-
ployed as appropriate instruments for the detec-
tion of respective binding sites in tissues and cells.
In this respect, neoglycoproteins and neoglyco-
enzymes have been applied [1, 69—72]. These tools
can conveniently be prepared by chemically conju-
gating sugars to non-glycosylated carrier proteins,
usually bovine serum albumin (BSA) [72]. For his-
tochemical detection of sialic acid-binding pro-
teins in tissues and cells sialic acid derivatives are
attached to biotinylated or radioactively labeled
bovine serum albumin, enabling investigators to
specifically localize sialic acid receptors on the cell
surface or in the tissue section. Using this tool, evi-
dence has been gathered that sialic acid-binding
proteins are present in human placenta [73]. Stain-
ing, too, was detected in nuclei of epithelial cells of
distal convoluted tubes of human kidney [24].

Prompted by these glycohistochemical results,
we have isolated two sialic acid-binding proteins
from human placenta and other human tissues [24,
31]. Apparently, glycohistochemical evidence will
provide a reliable basis for receptor isolation.
Moreover, the successful application of histo-
chemical tools serves as a guideline to select suit-

645

able ligands for affinity chromatography, facilitat-
ing straightforward attempts for the purification
of the respective receptors. Their availability en-
ables investigators to gain access to antibodies that
are specific for individual receptor types. These
specific antibodies raised against purified sialic
acid-binding proteins can detect or quantitatively
determine the distribution of the sialic acid recep-
tors in tissues or cells [25]. The presence of calcy-
clin, a protein with the ability to bind sialic acids,
in various leukemic cells, determined with an
ELISA, corroborated determinations of the level
of the mRNA that was cloned due to its pro-
nounced cell cycle-dependent regulation [25, 80].

Purification

In order to study their molecular properties,
physiological functions and potential applications,
access to purified proteins is needed. By taking ad-
vantage of their property of sialic acid-binding af-
finity, most of these proteins can be purified using
immobilized sialoglycoproteins, e.g. fetuin, bovine
(sheep or equine) submaxillary mucin, combined
with conventional gel chromatography. Because
their sugar-binding activities are usually depend-
ent on the presence of Ca?* [17], the proteins can
be specifically adsorbed onto resins exposing im-
mobilized sialoglycoproteins in the presence of
Ca’" at the optimal pH for binding. After washing
off unbound proteins, they can be specifically elut-
ed with EDTA or EGTA [14, 20, 74, 75]. This sim-
ple isolation procedure often results in sufficiently
purified preparations. By using fetuin-Sepharose
affinity chromatography that can be combined
with an asialofetuin-Sepharose precolumn that re-
moves any proteins with affinity to the polypep-
tide part or any other region in the sugar sequence
of the glycoprotein we have isolated to homogene-
ity a sialic acid-binding protein from different
types of human tissues and bovine heart [24, 25].
Besides taking advantage of the Ca?*-dependence,
pH or temperature shifts can be useful to elute the
proteins [29, 31]. In addition to the withdrawal of
Ca?* or shifting the pH a few lectins have been
eluted by sugar, e.g. sialic acid [31, 55], D-glcNAc
[76], and D-manNAc [77]. Some sialic acid-bind-
ing proteins have also been solely purified by con-
ventional protein purification methods, e.g. the
frog egg lectin was purified by Sephadex G-75 and
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ion exchange chromatography [22]. An Escheri-
chia coli lectin [66] and mammalian sarcolectin [78]
were also isolated by consecutive performance of
gel filtration and anion exchange chromatogra-
phy. Recently, a Neu5Gc-specific lectin from
apple snail was purified on BSM-Sepharose,
eluted by the addition of 15mm Ca?" [54]. Re-
markably, this lectin exhibited a reduced affinity
to its ligands in the presence of Ca’*. Information
on the purification methods is included in Table I.

Molecular characteristics and sugar specificity

Phenomenologically, no generally applicable
rule for the molecular characteristics can be dis-
cerned within this family. Some sialic acid-binding
proteins consist of more than one subunit of mo-
lecular weight in the range from 15 to 35 kDa. But
very little is known about detailed characteristics
of these subunits and their interaction in forming
the native proteins. These proteins can easily con-
tain a high content of acidic residues, most of them
are glycoproteins and in some lectins carbohydrate
groups may also play an important role in their
biological activity [74]. Several of these proteins
appear to consist of a single subunit, e.g. frog egg
lectin is composed of a single subunit of 111 resi-
dues, whose amino acid sequence has been deter-
mined [79]. Calcyclin is a 10.3 kDa protein, as pre-
dicted from its cDNA [80]. For the members of the
recently described selectin family, whose detailed
sequence information is available, domains can be
correlated to properties: N-terminal lectin domain

that mediates adhesion by binding carbohydrate
ligands on the opposing cells, epidermal growth
factor-like domain and variable numbers of C-ter-
minal complement-like regulatory units that ap-
pear to influence the integrity of the carbohydrate-
binding domain [81].

The optimum pH for stability and biological ac-
tivity of most of these proteins lies between 7 and
9. Chemical modification studies on several pro-
teins showed that basic residues (arginine or
lysine) may play a key role in their binding to sialic
acids [74, 82]. Results of such experiments with
three mammalian sialic acid-binding proteins illus-
trate this conclusion (Table III). The secondary
structures of a few lectins (Achatininy [83], limulin
[84] and wheat germ agglutinin [85]) have been
studied by determination of circular dichroism.
Three-dimensional structures of wheat germ ag-
glutinin [86] and the complex of influenza virus
hemagglutinin with sialic acids [87] have been elu-
cidated by X-ray crystallography. Three-dimen-
sional structural studies on other sialic acid-bind-
ing lectins have not been reported so far.

The sugar-binding specificity of lectins is usually
determined by measuring the ability of a sugar (1)
to inhibit the hemagglutination caused by the lec-
tin, (2) to inhibit the precipitation of the lectin by
polysaccharides or glycoproteins or (3) to inhibit
the binding of the lectin to glycosubstances. The
higher the affinity for the sugar, the less is needed
for inhibition. The hemagglutination inhibition
test is one of the most frequently used methods to
determine the sugar specificity of the lectin. Be-

Table III. Effect of amino acid modification by group-specific reagents on

binding of biotinylated fetuin by three mammalian proteins.

Chemical treatment Residues Calcyclin Sarcolectin Aprotinin
modified
Native protein 100* 100 100
O-Methylisourea lysine 40 20 60
Citraconic anhydride lysine, 40 0 90
N-terminal
NH, group
Cyclohexane-1,2-dione arginine 40 10 25
Phenylglyoxal arginine 60 25 50
N-acetylimidazole tyrosine 100 20 20
Diethylpyrocarbonate histidine 100 35 i
Ester-carbodiimide carboxyl 100 90 100

2 Relative binding capacity, given as percentage.
* No histidine present.
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cause erythrocytes from different species contain
several kinds of sialic acid derivatives in varying
amounts [4, 6, 38], their agglutinability by sialic
acid-specific lectins can exhibit notably different
patterns. For example, the marine crab lectin [39]
agglutinates only rabbit, mouse, rat and horse ery-
throcytes, which contain Neu-5,9-Ac, or Neu-4,5-
Ac,, but not human erythrocytes, which lack
O-acetylated NeuSAc. Achatinin, agglutinates
only rabbit, rat and guinea pig erythrocytes, which
contain Neu-5,9-Ac,. Some lectins, e.g. limulin
[75], the lectin from the Indian scorpion [44], the
Japanese horseshoe crab [38, 76], lobster [47] and
sea slug [75], agglutinate erythrocytes from many
animals. The Maackia amurensis leukoagglutinin
(MAL) agglutinates cells of a mouse lymphoma
line, but not erythrocytes [62]. Sialic acid-binding
lectins do not agglutinate sialidase-treated ery-
throcytes, emphasizing the importance of the
removed moieties for the process of agglutination.
The cell agglutinating properties of the lectins
are a consequence of their binding to at least two
adjacent cells. Therefore, monovalent carbohy-
drate-binding proteins that do not form aggregates
in solution can apparently not agglutinate the ery-
throcytes. Their sugar specificities need to be
measured by an enzyme-linked immunoadsorbent
assay [89] or by a solid-phase assay using bio-
tinylated sialoglycoproteins or neoglycoproteins
[25, 31]. The latter provides a simple and reliable
method to determine the carbohydrate-binding
properties of the lectins. In this respect, neoglyco-
proteins again prove their versatility. Using bio-
tinylated neuraminic acid-BSA as probe, the bind-
ing specificity of an antibody fraction from human
placenta has been measured in solid-phase assays,
which revealed consistency with that assessed by
the hemagglutination-inhibition test [31]. We also
evaluated the sugar-binding properties of three
other mammalian proteins that bind fetuin with
dependence on sialic acids (calcyclin, sarcolectin
and aprotinin) in order to disclose, if detectable,
differences in their individual specificities by a sol-
id-phase assay, using biotinylated fetuin as a probe
[25, 82]. Inhibition of binding of fetuin by glyco-
substances, as compiled in Table IV, revealed dif-
ferences in the sugar-binding specificity of the
three proteins. Asialofetuin failed to bind to these
proteins. As an internal control the binding of bio-
tinylated calcyclin to (neo)glycoproteins in a solid-
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phase assay had similarly been determined [25].
For calcyclin the binding to fetuin was most effec-
tively reduced by Neu 5 Gc within a panel of nega-
tively charged sugars. Bovine submaxillary mucin
proved more effective than neoglycoproteins in
this case. However, such results do not necessarily
imply that the tissue ligands will bind to the opera-
tionally defined sialic acid-binding proteins by
such determinants. Conversely, ability to exhibit
this binding property in the applied assay can
translate into a productive interaction with nega-
tively charged amino acid clusters in proteins. We
could so far only isolate calcyclin-binding proteins
that apparently are bound by protein-protein in-
teractions, defining the affinity to glyceraldehyde-
3-phosphate dehydrogenase with a K value of
110 nM in Scatchard analysis. A ligand for sarco-
lectin, the migration inhibitory factor (MIF), simi-
larly is recognized by such an interaction (Zeng,
Kratzin and Gabius, in preparation). These results
unmistakably underscore that caution needs to be
exercised within extrapolation of measurable
properties from an artificial assay system to the
physiological in situ situation.

Some sialic acid-binding proteins show a higher
affinity for the N-glycoloyl group than the N-ace-
tyl group, e.g. calcyclin [25] and the lectin from
Pila globosa snail [54]. Some of them display a high
specificity for O-acetylated sialic acid derivatives,
e.g. the marine crab lectin exhibits a pronounced
affinity for 9-O-Ac (33-fold) and 4-O-Ac (11-fold)
derivatives compared to Neu5 Ac [39]. Achatininy
binds rather strongly to Neu-5,9-Ac, compared to
its affinity to NeuSAc. Hemagglutinins from
corona virus [10] and from influenza C virus [15] as
well as human antibody [31] show strong affinity
for O-acetylated sialic acids.

Some plant lectins have an eminent specificity
for oligosaccharides with a certain type of linkage
of the sialic acid moiety to other sugars, e.g.
Maackia amurensis leukoagglutinin is highly
specific for Neu5Ac/Ge(a2-3)Gal(B 1-4)GIlcNAc/
Glc, the elderberry bark lectin binds 1600—10,000-
fold stronger to Neu5Gc(a2-6)Gal than to galac-
tose [14]. Recently, Harada et a/l. [61] have isolated
a lectin from elderberry Sambucus sieboldiana,
which fails to bind to any of the sialoglycoproteins
except mucin. Several bacterial surface lectins sim-
ilarly exhibit a notable sugar-binding specificity. A
lectin from Escherichia coli displays a remarkable
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Table IV. Inhibition of fetuin binding of calcyclin, sarcolectin and aprotinin by

sugars and glycosubstances in a solid phase assay.

Sugars or Concentration required for 50% inhibition [mM or mg/ml]
glycosubstances Calcyclin Sarcolectin Aprotinin
NeuSAc? >100 50 50 (40%)
Neu5Gc? 3 15(25%) 15
Sialyllactose® 25 25 25

Lactose? 50 >100 100 (20%)
Melibiose® >100 >100 >100
Galactose® >100 >100 100 (40%)
Glucose? >100 >100 100 (40%)
Mannose* 50 (20%) >100 100 (30%)
Fucose® >50 >100 >50
Galactosamine? >50 50 (10%) 15
Glucosamine? >100 100 (30%) 20

GalNAc? >50 100 100

GIcNAc? 100 >100 50 (40%)
Galacturonic acid? 100 (20%) 100 50 (40%)
Glucuronic acid? 50 (20%) 20 50 (40%)
Man-6-p? 25 20 (10%) 25

Gal-6-p? 30 50 (20%) 12

Glc-6-p? 40 40 10

Fetuin® 0.20 0.65 0.50
Asialofetuin® >10 >10 >10

BSMP 0.10 1.5 >1.5

a,-acid glycoprotein® 5.0 (20%) 1.0 5.0

Sialic acid-BSAP 0.15 0.75(20%) 0.75 (30%)
Glucuronic acid-BSA® 0.15 0.75(30%) 0.75 (40%)
Man-6-P-BSAP 0.12 0.75(20%) 0.75 (30%)
Gal-6-P-BSA® 0.12 0.75(30%) 0.75(10%)
GIcNAc-BSAY 0.15(20%) >0.75 0.75 (40%)
Lactose-BSA® 0.15(25%) >0.75 0.75(30%)
Heparin® 5.0 (20%) 1.0 1.0
Fucoidan® 2.0 1.0 5.0
Dextran sulfate® 1.5 1.5 2.0

4 mM; " mM (concentration is given in terms of sialic acid or saccharide); ¢ mg/ml.

Abbreviations: BSM, bovine submaxillary mucin; BSA, bovine serum albumin;
galNAc, N-acetylgalactosamine; glcNAc, N-acetylglucosamine; glc-6-p, glucose-6-
phosphate; gal-6-p, galactose-6-phosphate; man-6-p, mannose-6-phosphate, from

[25. 82].

affinity for 4-O-Ac-Neu5 Ac, which is notably re-
duced with 7-O- or 9-O-acetylation [88]. This kind
of specificity may affect the choice of the host and
tissue in infection and colonization, pointing to the
clinical relevance of this finding. Viruses, too, bind
to acetylated sialic acids, as already noted. Similar-
ities of lectins from different organisms are not re-
stricted to this case. The pertussis toxin, for exam-
ple, shows a similar specificity as the elderberry
bark lectin [89].

Many lectins bind sialoglycoconjugates stronger
than simple mono- or disaccharides, e.g. bovine
submaxillary mucin has been found to be the best

inhibitor for the lectins from the marine crab, the
American and Japanese horseshoe crabs, lobster
and sea slug as well as see snails. Equine submaxil-
lary mucin binds stronger to limulin, carcinoscor-
pin and marine crab lectin than free sialic acids
[17, 19]. In addition, other sialic acid-containing
glycoproteins (e.g. fetuin, human chorionic gona-
dotropin, o4-acid glycoprotein, serotransferrin,
lactoferrin, fibrinogen etc.) and gangliosides have
also been found to be good ligands of sialic acid-
binding proteins [25, 44, 75]. This extent of binding
also allows investigators to infer information on
the preferred type of modification and linkage.
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Several monoclonal autoantibodies (cold agglu-
tinins) recognize sialic acid-containing determi-
nants [90]. Anti-Pr, is reactive with
Neu 5 Ac(a2-3)Gal(B 1-4)GlcNAc/Glc or
Neu5Ac(a2-3)Gal and
NeuS5Ac(a2-8)NeuSAc(a2-3)Gal sequences in
gangliosides of the neolacto and the ganglio series.
Anti-Gd, anti-Sa and anti-Fl react with the
Neu5Ac(a2-3)Gal(B 1-4)Glc/GlcNAc  sequences
in glycolipids of the neolacto series and GM 3 [30].
Human monoclonal IgM(x) from the serum of a
patient with Waldenstrom macroglobulinemia
specifically binds to N-acetylneuraminic acid resi-
dues of sialoglycoproteins in human cells and to
gangliosides from dog cells [29]. Monoclonal anti-
bodies from hybridoma cell lines have a specificity
for NeuSAc(a2-3)Gal or NeuS5Ac(a2-6)Gal se-
quences [32, 33]. Monoclonal antibodies from the
autoimmune NZB mouse strain are specific for
weakly immunogenic polysaccharides of E. coli K1
and group B Meningococci[35].

As already indicated earlier, it has been demon-
strated that a mouse protein, termed sialoadhesin,
recognizes Neu5 Ac(a2-3)Gal(B 1-3)GalNAc se-
quences in either glycoproteins or gangliosides
[26]. Two members of the recently discovered
selectin family (ELAM-1 and GMP 140) display
capacity to bind to sialyl-Le* and sialyl-Le* struc-
tures [27, 28, 81].

Biological activities and functions

The carbohydrate chains of membrane glyco-
proteins and glycolipids (in eukaryotes) or of poly-
saccharides (in prokaryotes) are accessible on the
surface. Complementary lectins may mediate cell-
cell interactions in some processes such as fertiliza-
tion, embryogenesis, cell migration, cell adhesion
or microbial infection by binding respective car-
bohydrates on opposing cells, thereby playing a
key role in the control of various normal and path-
ological processes in living organisms [1—3, 69,
92-98]. Lectin-carbohydrate interactions are also
of particular relevance in immune cell recognition
and communication [3, 99].

Cell agglutination is one of most important and
easily detectable properties of lectins of different
specificities including all sialic acid-binding lectins.
Some investigations have revealed that tumor cells
often contain large amounts of sialic acids on their

surface. Some cancer-specific antigens are sialic
acid-containing gangliosides [100]. This can help
to explain the observation that certain types of
transformed cells are more easily agglutinated by
these lectins than normal cells, e.g. frog egg lectin
preferentially agglutinates cancer cells [101]. The
lectins from the hemolymph of the scorpions 4n-
droctonus australis and Centruroides sculpturatus
exhibit higher titers with leukemic cells than with
normal human lymphocytes [42, 102]. Similarly,
tumor cells are more sensitive in certain cases to
lectin toxicity than non-malignant cells [103, 104].

Sialic acid residues are also important constitu-
ents of the lymphocyte cell membrane. Several in-
vestigations have underscored that the modifica-
tion of sialyl residues on cell surfaces can cause
lymphoblastogenesis and proliferation [105]. A
few sialic acid-binding lectins have proven to ex-
hibit mitogenic activity for lymphocytes. The lec-
tin limulin from Limulus polyphemus shows a
mitogenic activity for both human and mouse
lymphocytes, in mice its mitogenicity is directed
towards both B and T lymphocytes [106]. Selectivi-
ty for B and T lymphocytes can also be found
within this class of lectins. The lectin from lobster
hemolymph is a B, but not T cell mitogen and
wheat germ agglutinin also acts as a weak T cell
mitogen [107]. In contrast, Achatinin, was found
to induce proliferation of purified T lymphocytes
and rat thymocytes, but is not mitogenic towards
B lymphocytes [107]. The mitogenic activity is sup-
pressed by the sialic acid-containing disaccharide,
Neu 5 Ac(a2-6)N-acetyl-D-galactosaminitol,

a strong inhibitor of this lectin [107].

Sialic acid-binding lectins on the bacterial sur-
face may play a substantial role in the choice of the
host and tissue in infection and colonization. Sialic
acid-binding lectins from the hemolymph of inver-
tebrates may functionally be equivalent to verte-
brate antibodies in defence mechanisms [56, 108].
They can even facilitate phagocytosis [109]. Frog
egg lectin may be involved in fertilization and de-
velopment in the frog embryo [79]. A recent, al-
ready mentioned discovery concerns the area of
mammalian cell adhesion. Sequence comparison
of newly identified cell surface proteins to known
lectins has been helpful to discern an important
addition to the family of lectins. These studies on a
distinct group of cell adhesion molecules, termed
LEC-CAMs or selectins, have emphasized that
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they mediate cell adhesion by binding a sialylated
carbohydrate structure. Leukocyte trafficking and
recruitment to sites of inflammation may directly
involve the recognition of sialylated carbohydrate
structures by a selectin on cell surfaces [27]. It is
thus tempting to speculate about the perspective of
clinical application of sialoglycoconjugates as
anti-inflammatory drugs.

When considering the biological functions of
lectins, it should not be overlooked that they may
contain other functional domains besides the one
focused upon in this article. Indeed, evidence has
accumulated that many lectins have a second type
of binding site that is specific for non-carbohy-
drate ligands [110]. Discoidin, a galactose-specific
lectin, has another distinct site, established by the
tripeptide Arg—Gly—Asp that interacts with a re-
ceptor protein, what results in mediation of cell-
substratum adhesion, and the elastin receptor also
contains a carbohydrate-binding and a protein-
binding site (elastin) [110]. Some well-known re-
ceptor proteins, e.g. insulin-like growth factor II
receptor [111], which is identical to a mannose-
6-phosphate receptor [112], and some cytokine
molecules, e.g. IL-2 [113], specifically bind to both
proteins and carbohydrates. Evidence for two dif-
ferent carbohydrate-binding sites on the same mo-
lecule has also been provided. The occupation of
one binding site by sialic acid on a galactose-recog-
nizing macrophage receptor even modulates the
binding of the other carbohydrate ligand [114].

Applications

Lectins have been widely used for the study of
carbohydrate structure in solution and on cell sur-
faces. They are increasingly applied in biochemis-
try, cell biology, histochemistry, immunology and
related areas. They have also found potential
applications in cancer diagnosis and therapy.

Immobilized sialic acid-binding lectins or anti-
bodies have been successfully used for the isolation,
purification and structural characterization of
sialoglycoconjugates. Immobilized elderberry bark
lectin has been applied for the fractionation of
sialylated oligosaccharides, glycopeptides and gly-
coproteins from brain [115]. Immobilized Maackia
amurensis leukoagglutinin has been instrumental
in separating a mixture of complex Asn-linked
oligosaccharide chains containing (o2-3)-linked
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terminal sialic acids [14]. Immobilized carcinoscor-
pin can fractionate the sialoglycoproteins from
sheep and rat brain [116, 117]. Mucin-specific bark
lectin from elderberry Sambucus sieboldiana has
been successfully employed to purify mucin from
crude preparations of porcine stomach or extracts
of porcine submaxillary glands [61]. Recently, the
potency of viral hemagglutinins to serve as an
analytical tool for identifying O-acetylated sialo-
glycoconjugates directly after Western blotting of
glycoproteins and thin layer chromatography of
gangliosides has been illustrated [10, 15].

In addition to sialic acid-binding lectins, sialic
acid-specific monoclonal antibodies have also
been widely helpful to detect and localize sialo-
glycoconjugates in various tissues and cells. The
monoclonal antibodies directed to the o 2-3 or 2-6
sialylated Le?® antigen mapped the tissue distribu-
tion of these two kinds of sialylated derivatives of
Lewis A antigen in patients with cancers of the
digestive system [118]. The monoclonal antibody
D 1.1 that specifically binds to O-acetylated sialic
acids enables to study the extent of O-acetylation of
sialic acids in human malignant melanoma cells
[34]. In addition to lectins with preference to certain
linkage types antisialooligosaccharide antibodies
will similarly detect this characteristic in complex
carbohydrates[119].

Sialic acid-binding lectins or antibodies histo-
chemically and cytochemically localize the sialo-
glycoconjugates in various cells and tissues. Maz-
zuca et al. have first reported the histochemical lo-
calization of sialic acid-containing glycoproteins in
goblet cells and serous cells from human bronchial
mucosa by peroxidase-labeled limulin [120]. Light
microscopical detection of sialoglycoproteins is
certainly possible in any material with this tech-
nique, as shown for various animal tissues [121,
122]. The gold complexes of the elderberry bark lec-
tin detect the expression of NeuSAc(a2-6)Gal/
GalNAc sequences in Lowicryl K4 M-embedded
sections of rat tissues by light and electron micro-
scopy [123]. Lectins have also been employed for
the study of the process of intracellular glycosyla-
tion [124].

Perspectives

A growing number of proteins with specificity
for sialic acids is under thorough investigation,
with special emphasis placed on viral and bacterial
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agglutinins. Characterization of their ligands en-
ables an understanding and a rational design of
compounds to interfere with the lectin-dependent
adherence of pathogenic organisms. Similar as-
sessment for mammalian proteins is expected to
shed light on the desired, precise delineation of
their physiological relevance, e.g., in cell adhesion.
This task is an attractive challenge, highlighted by
the recent detection of the selectin family and its
role for cellular recognition especially in the con-
text of inflammatory processes. When viewed as
laboratory tools, certain members of this group
have already proven their value in glycoconjugate
research. The determination of the expression of
individual derivatives of the diverse groups of
sialic acids is a crucial step in ascribing functional
relevance to their presence and to the apparently
intricate regulation of their patterns of covalent
modification. Certain organisms that lack sialic
acids even profit from the ability of animal cells to
synthesize this sugar for their own advantage. Ac-
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quisition on the cell surface of protozoan parasites
of sialic acid-containing epitopes, which are cru-
cial for the invasion of mammalian cells, due to the
activity of a trans-sialidase has been discovered
recently [125, 126].

In order to understand glycobiological interac-
tions comprehensively only complementary re-
search on the protein side (receptor) as well as on
the carbohydrate portion with particular emphasis
on sialic acids (ligand) will provide the desired in-
sights. They can then hopefully benefit research in
different clinical aspects, e.g., treatment of inflam-
matory diseases, of tumors like Neu-5,9-Ac,-
expressing melanomas, or of bacterial and viral
infections.
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