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Carbohydrate-carbohydrate interaction as a major
force initiating cell-cell recognition
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Sponges were the earliest multicellular organisms to evolve through the development of cell recognition and adhesion
processes mediated by cell surface proteoglycans. Information on sponges has an extra added value because, as a group,
they are the oldest Metazoans alive and contribute more to our understanding of life on earth than knowledge of other animal
groups. Although the proteoglycans are emerging as key players in various physiological and pathophysiological cellular
events, little is known about the carbohydrate moiety of the proteoglycan molecule. Until recently there was no evidence
provided for the existence of specific and biologically significant carbohydrate-carbohydrate interaction. We show here that
the interaction between single oligosaccharides of surface proteoglycans is relatively strong (in the 200-300 piconewtons
range) and in the same range as other relevant biological interactions, like those between antibodies and antigens. This
carbohydrate-carbohydrate recognition is highly species-specific and perfectly mimics specific cell-cell recognition. Both
the strength and the species-specificity of the carbohydrate-carbohydrate interaction are guaranteed by polyvalency, by
compositional and architectural differences between carbohydrates, and by the arrangement of the carbohydrate chain in
a three-dimensional context. Ca®*-ions are essential and probably provide coordinating forces. Our findings confirm the
existence and character of species-specific carbohydrate-carbohydrate recognition fundamental to cell recognition and
adhesion events.
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Introduction definition of “weak interaction” is rather arbitrary and based
upon the binding strength shown by carbohydrates during the
extensive washing in such procedures as direct binding to cells,
affinity chromatography, or detection by blotting [1,2]. More
recent measurements of the forces between individual surface
oligosaccharides of sponge proteoglycan molecules have shown
that interaction can not only be as strong but also as specific as,
for example, that between antibody and antigen [3].
Carbohydrates can operate at cell surfaces, where they often
occur as components of glycoproteins [4], glycolipids [5], or
proteoglycans [6] anchored in the cell membrane. The com-
position of glycolipids at the cell surface is strongly corre-
lated with embryonic cell developmental stages and can serve

Studies of the molecular recognition of carbohydrates are at a
crossroads similar to that of the nucleic acids and peptides a
few decades ago. Interest in carbohydrates has increased paral-
lel to improvements in methods for their separation and anal-
ysis and the biological functions of these compounds are now
being defined. It is well established that signaling and recog-
nition involve protein-protein and/or carbohydrate-protein in-
teractions. Direct carbohydrate-carbohydrate interactions are in
general considered to be weak and not able to provide sufficient
strength and specificity for cellular recognition. However, the
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as mediators of the crosstalk between tumor cells and host
cells [7,8] Interaction of these glycolipids with receptors on
other cell surfaces plays a signaling and regulatory role in cell
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development and adhesion [9,10]. These interactions involve
carbohydrate-carbohydrate recognition and are dependent on
divalent cations such as calcium (Ca’*) and magnesium. For
example, compaction of the mouse embryo at the morula stage
[11,12] and the aggregation of mouse embryonic cells [12]
occur as a result of recognition between Lewis* trisaccharide
structures in a Ca’*-mediated association.

Proteoglycans are found in all connective tissues, in the
extracellular matrix, and on the surfaces of virtually all an-
imal cells. Despite their structural and functional diversity
[13], proteoglycans have a general propensity to be extra-
cellular matrix components, mediating specific matrix in-
teractions and biological activities related to cell adhesion
[14] via their carbohydrate chains or core proteins. However,
it could not be resolved until recently whether the speci-
ficity of proteoglycan-mediated cell adhesion events resigns
in a protein-carbohydrate or in a carbohydrate-carbohydrate
interaction.

The first experimental demonstration of cell recognition and
adhesion phenomena in the animal kingdom involved cell sur-
face proteoglycan [15] of invertebrates, i.e. from the marine
sponge model system [16]. Sponges are the simplest and ear-
liest multicellular organisms. Remarkably, dissociated sponge
cells from two different species can reaggregate through sur-
face proteoglycans by species-specific associations that ap-
proach the selectivity of the evolutionarily advanced Ig super-
family. Consequently, this simple and highly specific cellular
recognition phenomenon has been used for almost a century
as a model system to study specific cellular recognition and
adhesion during tissue and organ formation in multicellular
organisms.

Specific cell-cell adhesion in most multicellular animals
is mediated by two distinct classes of molecules: a Ca’*-
independent activity typical of the glycoproteins from the Ig
superfamily [17], and Ca?>*-dependent cell-cell adhesion, the
best example being the cadherins [18]. Interestingly, sponge
proteoglycans reunite both functions in the same molecule and
mediate species-specific cell-cell recognition via two function-
ally distinct domains: (1) a Ca’*-independent cell-binding do-
main and (2) a Ca?>*-dependent self-association domain, which
provide the intercellular adhesion force.

Sponge proteoglycans [19], otherwise known as aggregation
factors (AFs), are large molecules with approximate molecu-
lar weights ranging from 2 x 10* kDa [20] to 1.4 x 10° kDa
[21]. Based on atomic force microscope (AFM) images [22],
proteoglycan molecules show either a linear or a sunburst-like
core structure with 20-25 radiating arms. The best analyzed
proteoglycan of Microciona prolifera carries two N-linked gly-
can molecules: one with a mass of 6.3 kDa present in the arms
of the proteoglycan molecule that binds to a cell surface re-
ceptor independently of Ca®* ions [23], and one with a mass
of ~200 kDa and present in the core structure that self asso-
ciates in a Ca**-dependent manner [24]. Carbohydrate moiety
participation in the adhesion process was anticipated after it
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was found that glycosidase treatment [25] and periodate oxi-
dation [26] destroyed the aggregation activity of proteoglycan
molecules. Glass aminopropyl beads coated with protein-free
200-kDa glycan showed a Ca’>*-dependent aggregation equiv-
alent to that of proteoglycan-coated beads [24]. The biological
specificity and selectivity of the glycan-glycan interaction could
then, however, not yet be proven. The monoclonal antibody
raised against the purified surface proteoglycan of Microciona
prolifera blocked cell aggregation, for which the epitopes were
identified as short carbohydrate units of the 200-kDa glycan:
a sulfated disaccharide [27] and a pyruvylated trisaccharide
[28]. The concept of self-recognition of defined carbohydrate
epitopes was confirmed using surface plasmon resonance to
mimic the role of carbohydrates in cellular adhesion of Micro-
ciona [29]. The results showed self-recognition of the sulfated
disaccharide and this event was proposed as a major force be-
hind Ca?>*-dependent cell-cell recognition. Nevertheless, the
biological relevance, i.e. the species-specific character of inter-
actions between 200-kDa glycan molecules in sponges has been
investigated only recently. It was shown for the first time that
direct carbohydrate-carbohydrate interaction is highly species-
specific and can play a major role in proteoglycan-mediated
cellular recognition and adhesion events.

Here, we elaborate on recently published investigations
on the strength and species-specific character of direct
carbohydrate-carbohydrate interaction [3] and extend these
studies. The 200-kDa glycans from core structures of four
sponge species (Microciona prolifera, Halichondria panicea,
Suberites fuscus and Cliona celata) were purified and their
species-specific carbohydrate compositions revealed. In func-
tional self-assembly cells, cells and glycan-coated beads,
glycan-coated carboxylate-modified beads displayed species-
specific recognition. Finally, atomic force microscopy (AFM)
measurements of the forces between single 200-kDa glycan
molecules from Microciona proteoglycan revealed that glycan-
glycan interaction is Ca’>*-dependent and that increase in Ca>*
concentration leads to the enhancement in adhesive forces. We
propose that these outermost cell surface structures serve as im-
portant players initiating the first contacts between cells through
flexible but nevertheless specific carbohydrate-carbohydrate
chain interactions.

Materials and methods
Sponges, live cells, cell surface proteoglycans and glycans

Microciona prolifera, Halichondria panicea, Suberites fuscus
and Cliona celata were collected at the Marine Biological Lab-
oratory Marine Resources Department in Woods Hole, Mass.
Live sponge cells were isolated as described previously [26].
Isolation of cell surface proteoglycans and pronase digestion of
200-kDa glycans from core structures were carried out as de-
scribed [24,30]. Only freshly prepared cells and glycans were
used for all experiments and analyses.
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Analytical methods

For carbohydrate composition, proteoglycans were hydrolyzed
in 4 M TFA at 100°C for 4 h and the remaining TFA removed
by methanol-aided evaporation. Carbohydrates were analyzed
by high performance anion exchange chromatography using a
Dionex BioLC system and a CarboPac PA1 column. The col-
umn was equilibrated with 16 mM NaOH and eluted with linear
gradients of 16 mM NaOH to 0.1 M NaOH/50 mM Na-acetate
or to 0.1 M NaOH/180 mM Na-acetate. Pulsed amperometric
detection was carried out using PAD 2 cells with E1 = +0.05 V,
480 ms, E2 = +0.75 V, 180 ms, and E3 = —0.20 V, 360 ms.
Relative amounts were calculated using relative response fac-
tors from standard samples containing 2 nM of the respective
monosaccharides treated in the same way as the polysaccharide
samples.

Amino acid analyses were performed as described [3].
Briefly, dry glycan samples were hydrolyzed for 24 h and the
black residues were suspended in 100 1 of 50 mM HCl contain-
ing 50 pM/ul Sar and Nva. After centrifugation, the transparent
solutions were transferred into new reagent tubes and analyzed
with a Hewlett-Packard AminoQuant II analyzer.

Long term EDTA-treatment of sponge proteoglycans

2 ml of 0.7 mM EDTA, pH 7.0 was added to lyophilized pro-
teoglycans, and left at 4°C for a 4-week period. Following this
treatment, separation of the core structures and the arms was
achieved on A-15m BioRad column (1.5 x 90 cm), eluted with
0.5 M NaCl, 10 mM Tris, pH 7.4. Collected fractions were
lyophilized.

Aggregation assays

Freshly sonicated fluorescent carboxylate-modified beads
(3.6 x 10%) (Molecular Probes, 1 pum diameter) were incu-
bated overnight at room temperature, pH 6.0, with 200-kDa
glycans (1.5 mg/ml) in Ca®*- and Mg?*-free artificial seawa-
ter buffered with 20 mM Tris pH 7.4 supplemented with 2 mM
CaCl,(CSW), 3 mg water-soluble 1-ethyl-3-(3 dimethylamino-
propyl) carbodiimide (EDAC, Molecular Probes), and 1 mg
N-hydroxysulfosuccinimide (Molecular Probes). Coupling effi-
ciency was determined by dotting a bead aliquot on a Zeta probe
membrane and Alcian Blue staining. The density of 200-kDa
glycan molecules on the bead surface was calculated from the
specific absorbance of stained glycans, which gave the number
of moles (0.15 x 10~!), Avogadro’s number (6.022 x 10%3)
and the number of beads (3.6 x 10%).

Glycan-coated red amine-modified beads (9 x 10 [3]
in 400 ul of CSW were allowed to aggregate with cells,
and glycan-coated carboxylate-modified beads (3.6 x 10%) in
400 ul of CSW were allowed to aggregate with other glycan-
coated carboxylate-modified beads on a rotary shaker at 50 rpm
for 4 h after the addition of 10 mM CaCl,. Images of aggre-
gates were acquired with a confocal laser-scanning microscope
(Leica Lasertechnik, Heidelberg, Germany) equipped with an
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argon/krypton laser and a x 10 objective (PL Fluotar, N.A. 0.3).
Image processing was performed using Adobe Photoshop ver-
sion 6.0. Data were quantified using UTHSCSA Image Tool
version 2.00 Alpha.

Binding of cells and glycans to glycan-coated plates

Solid phase polystyrene plastic surfaces coated with 200-kDa
glycans were prepared as described [3]. Binding of cells to
glycan-coated plates was done as before [3]. Briefly, 100 1 of
live cells (5 x 10%) in CSW were added to each glycan-coated
well and incubated for 2 h at room temperature after addition
of 200 pul of CSW containing 10 mM CaCl,. Afterwards, non-
adherent cells were washed off with CSW containing 10 mM
CaCl,. Bound cells were lysed for 10 min in 2M NaCl, 20 mM
Tris-HCI, pH 7.5. Hoechst stain (200 ng) in 20 mM Tris-HCI,
pH 7.5 was added to cell lysates and the fluorescence measured
at Aex = 360 nm and A, = 450 nm. Glycans (100 wl) in CSW
(0.1 mg/ml) were added to glycan-coated plates and incubated
for 2 h at room temperature after addition of 10 mM CaCl,.
Afterwards, non-bound glycans were washed off with CSW
containing 10 mM CaCl,. Bound glycans were stained with
1% Toluidine Blue and absorbance measured at 630 nm. The
absorbance of glycans used as a coat was deducted from the
total absorbance of glycans coated on wells and glycans bound
to glycan-coated plates to give the final absorbance of bound
glycans.

Atomic force microscopy

Force measurements were performed as before [3] with a com-
mercial Nanoscope III AFM (from Digital Instruments, Santa
Barbara, Calif., USA) equipped with a 162-um scanner (J-
scanner) and oxide-sharpened SizN, cantilevers with a thick-
ness of 400 nm and a length of 100 um. Measurements of
cantilever spring constants for a series of cantilevers from the
same region of the wafer gave an average of k = 0.085 N/m
and a standard deviation of 0.002 [31]. All measurements were
done with cantilevers from the same batch. AFM supports were
built as described [32]. Gold (20 nm) was deposited on the mica
surface and the tip using a pressure of 5 x 10~2 mbar controlled
by a quartz thickness and deposition rate monitor (Bal-Tec QSG
050).

Gold coated SizNy tips and micas allowed covalent
chemisorptions of the naturally sulfated carbohydrates. The
support and the tip were incubated with 200-kDa glycans
(1 mg/ml) in CSW for 15 min at room temperature. Non-
bound glycans were washed off with CSW and glycan-glycan
force measurements performed in CSW containing 10 mM or
100 mM CaCl,. For each measurement, a new tip was coated
with 200-kDa glycan and a new Au substrate was prepared. The
AFM stylus approached and retracted from the surface approx-
imately 100 times with a speed of 200 nm/s. The tip was moved
laterally 50 nm after recording five force-distance curves.

Surface clustering of 200-kDa glycans on the support and
on the tip was determined by fluorescence imaging of bound
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glycans labeled at the amino groups of the amino acid por-
tion with 5(6)-carboxyfluorescein-N-hydroxysuccinimidester
(Boehringer Mannheim).

Results

Species-specific aggregation between live cells and between
cells and cell surface glycan coated on beads

Mechanically dissociated sponge cells sort out and reaggre-
gate species-specifically in artificial seawater at physiological
Ca’* concentrations (10 mM) under carefully controlled shear
forces, i.e. rotor speed. Too high rotation causes cell aggre-
gates to come apart and too low rotation leads to formation of
unspecific, faulty aggregates between cells that do not get a
second or third chance to form higher affinity adhesions with
other cells. When live cells from the same species were shaken
in suspension at the right shear forces, they formed large ho-
mogenous aggregates (Figure 1A). However, cells from two
different species sorted out into separate aggregates consisting
only of cells from the same species (Figure 1B). This specific
cell-cell recognition was drastically reduced in the absence of
Ca’* in the artificial seawater (Figure 1C). A monoclonal anti-
body directed against the carbohydrate epitope of Microciona
cell surface proteoglycan reduced the aggregation of Micro-
ciona cells only (Figure 1D).

Red beads similar in size to small sponge cells were coated
with 200-kDa glycans isolated from the core structures of dif-
ferent proteoglycans. Glycan-coated beads were allowed to
aggregate with live cells under the conditions used for cell-
cell aggregation. Cells specifically recognized beads coated
with their own surface glycans (Figure 1E). However, they
did not mix but formed separate aggregates with beads coated
with glycans from different species (Figure 1F). The absence
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of Ca?* reduced this species-specific cell-glycan recognition
(Figure 1G). The monoclonal antibody against the carbohydrate
epitope of Microciona proteoglycan reduced only the recog-
nition between Microciona cells and beads coated with their
glycan (Figure 1H).

Species-specific aggregation between glycan-coated beads
mimicking species-specific cell-cell aggregation

It has been shown recently that amine-modified beads coated
with 200-kDa glycans from different species can aggregate
species-specifically in the same way as live cells [3]. A further
type of bead, carboxylate-modified beads that require different
method for coupling of glycans, was coated with different 200-
kDa glycans and examined for aggregation under the conditions
used previously for cell-cell and cell-glycan recognition. Beads
coated with glycans from identical proteoglycans formed 80%
to 74% yellow aggregates, which are the result of the intermin-
gling of red and green beads (Figure 2). In stark contrast, beads
coated with glycans derived from proteoglycans of different
species separated into red and green aggregates. In this case,
yellow aggregates, i.e. heterotypic mixtures of glycans originat-
ing from different species, formed only 4% to 13% of patches.
As shown previously for cell-cell and cell-glycan recognition,
the absence of Ca®*-ions inhibited glycan-glycan recognition
(Figure 2). The monoclonal antibody against the carbohydrate
epitope of the Microciona proteoglycan inhibited only the ho-
motypic interaction between Microciona glycans coated on red
and green beads (Figure 2).

It has been reported previously that 400 molecules of Micro-
ciona proteoglycan bound per cell caused live cells to aggregate
[26]. As one proteoglycan carries ~26 copies of 200-kDa gly-
can, ~10°400 glycan molecules per cell cause living cells to
aggregate. In our studies, binding measurements indicated that

Figure 1. Specific recognition between live cells (A-D), and between cells and glycans (E-H). A, Yellow cells from the same
species (Suberites fuscus) formed large homogenous aggregate during a 4-h rotation-mediated aggregation in artificial seawa-
ter with physiological 10 mM CaCl,. B, Cells from two different species, with red (Microciona prolifera) and grey (Halichondria
panicea) natural pigments, form separated bright red and grey aggregates. C, Absence of Ca?* inhibited cell-cell aggregation
(aggregation between Halichondria and Suberites cells as an example). D, The monoclonal antibody directed against the carbo-
hydrate epitope of Microciona proteoglycan reduced aggregation between Microciona cells (40 ug of the antibody with 5 x 108
cells). E, Grey cells (Halichondria) formed one big aggregate with their own surface glycans coated on red beads. F, Grey cells
(Halichondria) formed their own aggregates separated from red aggregates of beads carrying glycans from another species. G,
The absence of Ca?* reduced cell-glycan aggregation (aggregation between Halichondria cells and Microciona-coated beads
as an example). H, The monoclonal antibody directed against the carbohydrate epitope of Microciona proteoglycan reduced
aggregation between Microciona cells and their glycan coated on beads (40 g of the antibody with 4.5 x 108 glycan-coated
beads).

Figure 2. Specific recognition between glycan-coated beads. Glycan-coated carboxylate-modified beads sorted out specifically
during a 4-h rotation-mediated aggregation in artificial seawater with physiological 10 mM CaCl,. The numbers on the left side
of each picture represent the percentage clumps of the respective color. Yellow areas depict aggregates of mixed red and green
beads coated with identical glycans. Red and green areas reflect aggregates of separated beads coated with different glycans. The
absence of Ca?* in artificial seawater inhibited glycan-coated bead-bead aggregation. The monoclonal antibody directed against
the carbohydrate epitope of Microciona proteoglycan inhibited aggregation between Microciona glycans coated on beads (40 ug of
the antibody with 9 x 108 glycan-coated beads). M,Microciona; H, Halichondria; S, Suberites; C,Cliona.
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~2500 molecules of 200-kDa glycan per bead specifically ag-
gregated glycan-coated carboxylate-modified beads. This was
calculated from the number of moles and Avogadro’s num-
ber, divided by the number of beads (see Materials and Meth-
ods). Surface areas of cells and beads were calculated from
their diameters. Thus, the glycan densities causing species-
specific live cell and glycan-coated bead recognition and ag-
gregation are similar: 828 molecules/um? for cell-cell aggre-
gation and 800 molecules/um? for glycan-coated bead-bead
aggregation.

Species-specific adhesion of live cells and cell surface glycans
to glycans coated on plastic surfaces

Plastic surfaces were coated with 200-kDa glycans from four
different species of surface proteoglycans. Mechanically disso-
ciated cells were added to wells and the ability and specificity
of live sponge cells to adhere to different glycans coated onto a
solid phase were studied. Live cells strongly adhered to glycans
from their own surface proteoglycans in the presence of physi-
ological 10 mM Ca?*-ions in artificial seawater. The binding of
cells to glycans from different species of proteoglycans was 4-
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to 4.5-fold lower (Figure 3A). This species-specific cell-glycan
adhesion was clearly dependent on the amount of the glycan
coated and was almost completely abolished in the absence
of Ca®*. Pretreatment of cells with a monoclonal antibody di-
rected against the carbohydrate epitope of Microciona proteo-
glycan inhibited homotypic interactions between Microciona
cells and their own glycan coated on the surface (Figure 3B).
Only little cross-reactivity of the antibody was detected and it
blocked 12% of the homotypic interactions between cells from
three other studied species and their glycans.

Similarly, the ability of glycans isolated from the core struc-
tures of different sponge proteoglycans to adhere to glycan-
coated surfaces was studied. Glycans mimicked live cells and
only adhered strongly to surface-bound glycans from the same
species proteoglycan (Figure 3C). They adhered 3.5- to 4-
fold less to glycans from different species proteoglycans. As
in the adhesion of live cells to glycan-coated surfaces, the
glycan-glycan adhesion was also dependent on the amount
of the glycan coated and was abolished in the absence of
Ca’*. Pretreatment of glycans with a monoclonal antibody
directed against the carbohydrate epitope of Microciona pro-
teoglycan inhibited only homotypic Microciona glycan-glycan

Figure 3. Specific adhesion of live cells and glycans to glycan-coated plates. A, Cells adhered species-specifically to 200-kDa
glycans from core structures of different sponge proteoglycans coated on plastic plates. (m), Homotypic adhesion of live cells to
their own glycans coated on plates (average from experiments where live cells from 4 different sponge species: Microciona prolifera,
Halichondria panicea, Suberites fuscus, and Cliona celata were tested for binding to their own glycans coated on plates); (a),
Heterotypic adhesion of live cells to different glycans coated on plates (average of experiments where live cells from 4 different
sponge species were tested for binding to glycans from species different from their own) ; (00), Adhesion of live cells from 4 different
species to their own glycans without the presence of Ca®*. B, Effect of the monoclonal antibody directed against the carbohydrate
epitope of Microciona proteoglycan on homotypic adhesion between Microciona cells and Microciona glycan coated on plates (40
g of the antibody with 5 x 103 cells). C, Glycans adhered species-specifically to glycan-coated plastic plates. (m), Homotypic
adhesion of 200-kDa glycans to the same glycans coated on plates (average from experiments where glycans from 4 different
sponge species: Microciona, Halichondria, Suberites, and Cliona were tested for binding to the same glycans coated on plates);
(a), Heterotypic adhesion of 200-kDa glycans to different glycans coated on plates (average of experiments where glycans from
4 different sponge species were tested for binding to glycans from species different from their own); (), Adhesion of glycans
from 4 different species to the same glycans coated on plates without the presence of Ca®*. D, Effect of the monoclonal antibody
directed against the carbohydrate epitope of Microciona proteoglycan on homotypic adhesion between Microciona glycans (40 ng
of the antibody with 10 g of glycans). M/M, Microciona-Microciona adhesion; H/H, Halichondria-Halichondria adhesion; S/S,
Suberites-Suberites adhesion; C/C, Cliona-Cliona adhesion. = SD from 16 independent experiments.

Figure 4. Atomic Force Microscopy (AFM) measurements of glycan-glycan binding forces. A, Scheme of AFM set-up for the
measurement of the intermolecular forces between single glycan molecules. B, Examples of AFM force curves. Line 1 and 2
represent control curves: gold-gold interaction (1) and homotypic glycan-glycan interaction in artificial seawater without Ca?* (2).
Line 3 represents a curve of the homotypic interaction between glycans from the same species, and line 4 the heterotypic interaction
between glycans from two different species in the presence of physiological 10 mM Ca?*. C, Adhesion force values of the homotypic
interactions between glycans from the same species attached to the tip and the mica surface (average from homotypic binding
experiments between glycans from 4 sponge species: Microciona prolifera, Halichondria panicea, Suberites fuscus, and Cliona
celata). D, Adhesion force values of the heterotypic interactions between glycans from different species (average from heterotypic
binding experiments between glycans from 4 different sponge species). E, Periodicity measurements showing distances between
individual rupture peaks, which indicate the distances between binding motifs on the carbohydrate chain for homotypic interactions
between the same species glycans and F, for heterotypic interactions between glycans from different species. The white bar reflects
the number of probe lift events where only one rupture event was registered. G, The length of the force curves measured from the
lift-off point to the last peak, indicating the total length of the interacting carbohydrate chain between the same species glycans and
H, between different species glycans. On the ordinate, the number of rupture events is provided normalized to 1.0 for the category
of the highest number of events.
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adhesion (Figure 3D). The antibody blocked only 6% of
the homotypic glycan-glycan adhesion between other sponge
species.

AFM measurements of the carbohydrate-carbohydrate
interaction

AFM has the precision and sensitivity necessary for studying
molecular recognition under native conditions at the level of
single events at forces in the pN range. An AFM tip and a
surface were coated with 200-kDa glycan molecules from dif-
ferent sponge species (Figure 4A) [3]. There were no multi-
layers or clusters of glycans on the tip or the surface. Inter-
molecular adhesion force measurements between single glycan
molecules were performed in artificial seawater with physiolog-
ical 10 mM Ca?*. During retraction of the tip, the glycan struc-
ture was lifted and stretched and non-covalent bonds between
two molecules were eventually broken one by one. The exis-
tence of multiple non-covalent bonds between carbohydrates
of glycan molecules was suggested by the presence of multi-
ple peaks on force curves, as recorded in the presence of Ca>*
(Figure 4B, line 3).

Monitored cantilever deflection is a direct measure of the
forces between interacting glycan molecules. No interaction
was recorded between gold-gold (Figure 4B, line 1), in the
absence of Ca’*(line 2) or during the surface approach. On re-
traction, the sensor tip detected strong multiple interactions be-
tween 200-kDa glycans from the same species (Figure 4B, line
3). Clearly reduced interactions were detected between glycans
from two different species (Figure 4B, line 4). Binding forces
between glycans from the same species were on average 275
pN (Figure 4C), compared with binding forces between gly-
cans from different species of 180 pN (Figure 4D). A statistical
analysis using the Mann-Whitney test (P values clearly below
0.01) showed the difference to be significant.

The interactions between single 200-kDa glycans were
polyvalent, i.e. interactive sites were repeated along the
carbohydrate chain; this is suggested by the presence of multi-
ple peaks on force curves. The distance between peak numbers
1 and 2 (2 and 3, etc.) was measured to produce a histogram of
the peak periodicity (Figure 4E and F). Force curves represent-
ing interactions between two single glycan molecules from the
same species showed convincing multiple interaction peaks.
Over 80% of force curves representing interactions between
glycans from the same species showed more than one interac-
tion peak, with a distance between binding motifs of 10-20 nm.
In contrast, only ~25% of force curves between glycans from
different species showed multiple interaction peaks, demon-
strating a preference for one rather unspecific binding event
during the interaction.

Interaction sites for glycans from the same species were lo-
cated along the carbohydrate chain and not only at its end.
The total lengths of most force curves did not exceed 50 nm
(~75%), though in some cases the curves extended up to 130 nm
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(Figure 4G). In contrast, force curves for the glycans from dif-
ferent species showed less extensions and almost 80% of the
total lengths were only 10—40 nm (Figure 4H).

Enhancement of the strength of the
carbohydrate-carbohydrate interaction by increasing Ca**

The role of Ca?*-ions in carbohydrate-carbohydrate interac-
tions was studied by increasing the Ca>*concentration in artifi-
cial seawater from physiological 10 mM to 100 mM during
AFM measurements of the adhesion forces between single
Microciona prolifera 200-kDa glycans. A single non-covalent
bond between two interacting Microciona glycan molecules
was ruptured at 310 pN in 10 mM Ca** (Figure 5B). This ad-
hesion force increased to 375 pN when the Ca>* concentration
was increased to 100 mM (Figure 5F). A statistical analysis
revealed P values clearly below 0.01 and, therefore, showed the
difference between these two interactions to be significant.

The occurrence of polyvalent interactions between single
glycan molecules was higher in 100 than in 10 mM Ca?*. In
100 mM Ca*, up to 85% of force curves showed the presence
of multiple interaction sites with a distance between binding
motifs of 10-20 nm (Figure 5G). In 10 mM Ca’*, ~70% of
force curves also showed multiple peaks, indicating repetition
of binding sites along the interacting carbohydrate chain of the
glycan molecule (Figure 5C).

The total lengths of interacting carbohydrate chains did not
change with the change in Ca** concentration. In both cases, the
greatest extensions of the interacting carbohydrate chain were
up to 120 nm (Figure 5D and H). The total lengths of force
curves were mainly 20-50 nm in 10 and in 100 mM Ca’*.
However, longer force curves, i.e. longer interacting carbohy-
drate chains, were more frequent for glycan-glycan interaction
in 100 than in 10 mM Ca’*. Up to 13% of force curves were
more than 80 nm long in 100 mM Ca?* (Figure SH) compared
with only ~3% in 10 mM Ca®* (Figure 5D).

Species-specific carbohydrate composition of proteoglycan
molecules from different species

Proteoglycan molecules from four different sponge species
were subjected to EDTA-treatment to separate the core struc-
tures from the arms (Figure 6A). Extensive pronase digestion
of purified core structures led to essentially pure 200-kDa gly-
can fractions, which mediate cell-cell recognition through self-
interactions, and pronase digestion of purified arms gave pure
6-kDa glycan fractions, which mediate binding of the proteo-
glycan to the cell surface (Figure 6B). 200-kDa glycans were
free of protein contamination (Table 1). There was essentially
no loss of carbohydrates during the purification procedures (car-
bohydrate yield ~97%). Amino acid analysis of purified gly-
cans showed 0.7 (Cliona celata) to 1.1 (Microciona prolifera)
mol of linker aspartate per mol glycan. Only trace amounts of
a few other amino acids were detected. We are aware that as-
partate is not a classical linker amino acid in proteoglycans,
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Figure 5. Quantitative evaluation of interactions between single glycan molecules in physiological 10 mM Ca?* (A-D) versus
interactions in 100 mM Ca?* (E-H). Interactions between Microciona prolifera glycans were measured in artificial seawater with 10
and 100 mM Ca?*. A, An example of AFM force curve of the glycan-glycan interaction in 10 mM Ca?*. B, Adhesion force values
for glycan-glycan interactions in 10 mM Ca2*. C, Periodicity measurements of distances between rupture peaks, which indicate the
distances between binding motifs on the carbohydrate chain, in 10 mM Ca?*. D, The total length of the interacting carbohydrate
chain in glycan-glycan interactions in 10 mM Ca?*. E, An example of AFM force curve of the glycan-glycan interaction in 100 mM
Ca?*. F, Adhesion force values for glycan-glycan interactions in 100 mM Ca?* and H, 100 mM Ca?*.G, Periodicity measurements
of distances between rupture peaks in 100 mM Ca?*. H, The total length of the interacting carbohydrate chain in glycan-glycan

interactions in 100 mM Ca3*.

but the EM morphology and size of these sponge glycoconju-
gate molecules are similar to the mammalian proteoglycans. Its
sulfate and glucoronate content and cellular location led to the
term sponge proteoglycans 30 years ago and we prefer, until a
detailed structure is known, to stay with this terminology.

The carbohydrate compositions of purified proteoglycans
from four different sponge species were analyzed by high
performance anion exchange chromatography. All proteogly-

cans contained galactose (Gal), fucose (Fuc), mannose (Man),
N-acetylglucosamine  (GlcNAc),  N-acetylgalactosamine
(GalNAc), and glucuronic acid (GIcUA). The carbohydrate
makeup of proteoglycans from different individuals of the
same species was very similar, while proteoglycans from
different species showed large differences (Table 2). Micro-
ciona proteoglycan was characterized by high fucose, while
Halichondria proteoglycan had 3-fold less. Microciona and
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Figure 6. Separation of glycans obtained by pronase digestion
of core structures and arms of different sponge proteoglycans.
A, Separation of two proteoglycan subunits on A-15m sizing col-
umn after prolonged EDTA-treatment of proteoglycan molecules
(an example of separation of Microciona prolifera proteoglycan
subunits; peak nr 1: core structures of the proteoglycan, peak nr
2: arm fragments of the proteoglycan). B, PAGE electrophoresis
of glycans obtained by pronase digestion of two subunits. a—d,
200-kDa glycans from 4 different sponge species obtained from
the peak nr 1; e-h, 6-kDa glycans from 4 different species ob-
tained from the peak nr 2. a and e, Microciona prolifera glycans;
b and f, Halichondria panicea glycans; ¢ and g, Suberites fus-
cus glycans; d and h, Cliona celata glycans. Molecular weight
standards: HA, hyaluronic acid; CS, chondroitin sulfate.

= CS 150 kDa

Halichondria proteoglycans showed high galactose, while
Cliona proteoglycans had 3- to 4-fold less. The latter was the
only species with significant amounts of GalNAc. On the other
hand, only Microciona proteoglycan contained significant
amounts of GIcUA.

Discussion

Until recently, specific proteoglycan-mediated cell adhesion
and recognition processes could not be assigned to glycan-
glycan recognition. This report presents comparative data
on species-specificity and strength of self-interactions be-
tween glycans derived from cell surface proteoglycans. The
glycan-glycan interaction is characterized by binding forces in
the range of 200-300 pN, by species-specificity, polyvalency,
and is stabilized by Ca>*-ions.

Adhesive forces measured between glycans from the same
species (275 pN) are the strongest forces reported to date for
direct carbohydrate-carbohydrate interactions [3]. They are as
strong as forces measured for the proteoglycan-proteoglycan
interaction (50-400 pN) [33] as well as those for single
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Table 1. Trace amino acid composition of 200 kDa glycans from
four sponge species. The values are the average of four deter-
minations. Cys was not determined

Microciona Halichondria Suberites Cliona
(mol amino acid/mol glycan)
Asp 1.1 0.9 0.9 0.7
Glu 04 0.3 0.4 0.2
Ser 0.2 0.1 0.2 0
His 0 0 0 0
Gly 0.3 0.3 0.2 0.3
Thr 0.4 0.1 0 0.1
Ala 0.2 0.1 0.1 0
Arg 0 0 0 0
Tyr 0 0 0 0
Val 0 0 0 0
Met 0 0 0 0
Phe 0 0.1 0 0
lle 0 0 0 0
Leu 0 0.1 0.1 0
Lys 0 0 0 0
Pro 0 0 0 0
Asn 0 0 0 0
GIn 0 0 0 0
Trp 0 0 0 0
Ca 0 0 0 0
Total 2.6 2.0 1.9 1.3

Table 2. Comparison of the carbohydrate composition of pro-
teoglycans from four sponge species. The average values were
obtained from four sponge individuals of each species

Microciona  Halichondria  Suberites  Cliona
(carbohydrates (mol%))
Fuc 30.2 8.2 15.0 22.1
Gal 33.5 40.9 25.0 10.8
Man 9.7 15.2 124 14.0
GalNAc 3.7 1.2 2.0 10.1
GIcNAc  18.3 141 34.2 27.5
GlcUA 9.1 3.0 1.9 4.5

antibody-antigen recognition (244 pN) [34,35]. These observa-
tions support the notion that direct carbohydrate-carbohydrate
interaction is strong enough to manifest itself in biologically
relevant cellular recognition. However, even lower values of
adhesion forces, e.g. the adhesion force for glycosphingolipid
self-interactions in the interactions between Lewis* structures
(20 pN) [36], cannot exclude biological relevance. Carbohy-
drate molecules offer the multivalent presence of oligosaccha-
ride chains on cell surfaces that could easily enhance weak
binding forces and affinities to the levels found in biologically
relevant interactions [37].
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The species-specificity of glycan-mediated recognition is
guaranteed not only by the greater adhesion forces but also
by higher frequency of polyvalency in interactions between
identical glycans versus different glycans, by differences in
carbohydrate composition, and probably by the arrangement
of glycan chains in a three-dimensional context. Polyvalency,
i.e. the repetition of interactive sites along the carbohydrate
chain, can generate sufficient affinity and/or avidity for carbo-
hydrates to function in biologically relevant recognition events.
A suitable mechanism for keeping two interacting carbohy-
drate chains arranged in a polyvalent array would be a zip-
per. This model provides both the simplicity and driving force
by which nature may create specificity between two composi-
tionally rather similar structures interacting with one another
[38]. Polyvalent glycans on cell surfaces, therefore, represent a
highly flexible and specific model for a recognition system that
allows cells to test surrounding surfaces and first create weak,
random contacts before releasing or reinforcing the adhesion.

Differences in carbohydrate composition and the arrange-
ment of a glycan chain in a three-dimensional context can also
define the specificity of the carbohydrate-carbohydrate interac-
tion. The carbohydrate composition (Fuc, Gal, Man, GalNAc,
GlcNAc, and GIcUA) is highly conserved between individuals
of the same species, whereas large differences are seen between
different species. Detailed structural analyses of different pro-
teoglycans have revealed species-specific sequences [39]. Di-
versity of polysaccharide primary structure affords diversity in
higher order structure, and the specificity of the carbohydrate-
carbohydrate interaction may be provided also by the three di-
mensional spatial relationships of the sugars.

Ca*-ions or other divalent cations are crucial in carbohy-
drate-carbohydrate interaction. In marine sponges they are es-
sential. At the molecular level, Ca’* probably reinforces the
contact between the interacting oligosaccharides of glycan
molecules, since an increase in Ca?t in the buffer led to an
increase in adhesion forces and in polyvalent interactions. In
measurements of adhesion forces between sulfated disaccha-
rides, it was also reported that Ca>* probably provides coor-
dinating forces [29]. However, the presence of Ca**-jons did
not contribute significantly to the adhesion force in Le*-Le*
interactions measured by AFM [36]. There is also no Ca%t in
the Le* crystal [40]. Therefore, it was implied that calcium is
only responsible for the approach and organization of the car-
bohydrates in the cell membrane. In contrast, corneal epithelial
cell-cell adhesion through the Le* determinant turned out to
be highly dependent on the presence of Ca®*-ions [41]. Sim-
ilarly, self-aggregation of Le* molecules in aqueous solution,
where the molecules move freely, occurs only in the presence
of Ca?*-ions [42].

Rare ionic interactions cannot be excluded as most carbo-
hydrates are neutral or negatively charged due to carboxy- and
sulfate-groups, and even positively charged glycans also occur.
However, the Ca?* effect is not merely a charge effect. It has
been shown that acidic sponge glycans do not all interact in

121

the presence of Ca’* [43]. Although single hydroxyl groups
are too weak to coordinate cations, the combination of just
two well-positioned hydroxyl groups on one sugar residue or
over two neighboring residues can lead to coordinate bonds be-
tween two interacting carbohydrate chains in the presence of
water molecules. These Ca’* interactions together with hydro-
gen bonds may lead to a sort of super-structure which then could
bring about and allow even internal lipophilic interactions [1].

The role of Ca>* in carbohydrate-carbohydrate interactions
is still not well understood. Ca>*-ions could be responsible for
the approach and organization of the sugar moieties providing
the surfaces for interaction, or they could enhance directly the
adhesion force between complementary surfaces, acting as a
bridge between specific hydroxy groups. Further experimental
contributions to these potential models are now required be-
fore any of these proposals could be considered as relevant, in
particular biologically relevant.

Better methods for the synthesis and characterization of car-
bohydrates are creating numerous opportunities for elucidation
of the biological roles of these outermost cell surface struc-
tures. Carbohydrate-carbohydrate recognition is only one of the
many possible oligosaccharide interactions for which a molec-
ular level understanding is deficient or lacking completely. If
carbohydrate-carbohydrate interactions may ensure adequate
cell behavior during the formation, maintenance, and pathogen-
esis of tissues, a thorough understanding of the chemical and
molecular nature of specific carbohydrate-carbohydrate recog-
nition will be a prerequisite for the development of strategies
to modify it and to progress thereby in an understanding of its
biological relevance.
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