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Introduction

II. INTRODUCTION

I1.1. CARBOHYDRATE-CARBOHYDRATE INTERACTIONS IN
CELLULAR RECOGNITION AND ADHESION

One of the fundamental features of a living cell is a prompt and adequate behavior
during formation, maintenance, and pathogenesis of tissues. Thus, during
development of the nervous system reversible cell extensions and connections are
formed'. During embryogenesis adhesive forces between cells are repeatedly being
built up and destroyed”’. Lymphoid cells find their homing centers through
intermediate adhesions to the vessel wall’. Cell surface receptors can be misused by
microbial pathogens*>° or tumor cells’. These short-term adhesion and recognition
events require reversible but still specific molecular surface interactions, rather than
tight and stable adhesions between stationary cells. Carbohydrates, the most
prominently exposed structures on the surface of living cells, with flexible chains
and many binding sites are ideal to serve as the major players in these events. In
contrast to the rapid progress in studies of cell recognition and adhesion through
protein-protein® or protein-carbohydrate’ interactions, the number and progress of
studies on the possible role of carbohydrate-carbohydrate interactions in these events
is still very small. There are mainly two model systems for studying the occurrence
of carbohydrate-carbohydrate interactions. In vertebrates, glycosphingolipid self-
interactions have been studied in early embryos and embryonic cell lines on one
hand, and in tumor cell lines on the other hand. In invertebrates, marine sponge’s
cell-cell interactions mediated by carbohydrate-rich cell surface proteoglycan

molecules have been studied.
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I1.1.1. CARBOHYDRATE INTERACTIONS IN VERTEBRATES
— GLYCOSPHINGOLIPIDS

Eukaryotic cell membranes are characterized by a specific composition and
enrichment of sphingolipids and glycosphingolipids (GSLs)'’. GSLs are
multifunctional molecules and dramatic and continuous changes in their surface
expression and composition have been associated with differentiation, development
and oncogenesis. The functional role of GSLs in these processes is still fragmentary,
but they have been clearly identified as tumor-associate
antigens'"'>, as  receptors for microorganisms and  their  toxins",

initiators of signal transduction'®, and finally as cell-type-specific antigens in cellular

recognition and regulation of cell growth'® (Fig.1).

GSLs can be classified as neutral, acidic (anionic), or basic (cationic). GSLs are also
classified into three main series, i.e. ganglio-series, globo-series, type 1 lacto-series,
and type 2 lacto-series, according to their core carbohydrate structure which may
include one of two hundred different oligosaccharides. The main constituent of the
plasma membrane is represented by acidic GSLs: gangliosides containing sialic acid.
Other acidic GSLs contain a sulfate group. Gangliosides occur not only as well
known ganglio-series but also as globo-series or lacto-series gangliosides. Each
ganglioside series shows distinctive cell type or tissue type specificity, and they may

play different functional roles in cell adhesion'’.

GSLs are present at the surface of the plasma membrane in the form of large clusters
independent from the clusters of transmembrane glycoproteins'® (Fig. 2). These GSL
microdomains are variously referred to as glycosphingolipid-enriched domains, lipid
rafts, or caveolac membranes'”'®. Along with GSLs, also present in lipid rafts are
sphingomyelin, cholesterol, glycosylphosphatidylinositol (GPI)-anchored proteins,
and a variety of signaling molecules. Although the need for cholesterol in promoting

assembly of gangliosides has been questioned'’, removal of cholesterol from plasma
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membranes profoundly perturbs the physical state of microdomains®® and

. . .21
compromises their function” .
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Fig. 1. Glycosphingolipids (GSLs) functions. Six functions are shown schematically:
- Cell adhesion mediators (major topic of the introduction): [2, 10, 15, 28, 30, 34]

- Tumor-associated antigens: [7, 10, 11, 12, 38]

- Allogenic antigens: [10, 30, 105]

- Modulators of growth factor receptor function: [10]

- Initiators of signal transduction: [2, 14, 15, 19, 33, 35]

- Receptors: [4, 10, 13]



Introduction: glycosphingolipids

According to minimum energy conformation model”, a common hydrophobic
backbone of GSLs, i.e. ceramide, is inserted into the lipid bilayer of the plasma
membrane (Fig. 3). The axis of the carbohydrate chain in GSLs is oriented
perpendicular to the axis of ceramide. Ceramide consists of a fatty acid chain linked
to the sphingosine base. It holds GSL carbohydrates in defined orientation through
insertion in plasma membrane, and forms GSL microdomains separately from
glycoprotein microdomains™. In the model, the outer surface of the carbohydrate
chain, exposed at the cell surface, constitutes a hydrophobic domain surrounded by a
hydrophilic area. Various ligands with a complementary structure can bind to this
exposed hydrophobic domain, and two mechanisms of GSL-mediated cell adhesion
have been observed: 1) Mediated by carbohydrate-binding proteins (lectins) that

. . 2425
recognize specific GSL structures™

, and by siglecs, receptors with Ig homology
whose N-terminal domain displays lectin activity to recognize various sialyl
epitopes®®; 2) Mediated by complementary carbohydrate moieties of GSLs through
carbohydrate-to-carbohydrate interaction. In either model, cell adhesion based on the
carbohydrate-carbohydrate interaction is the earliest event in cell recognition,

followed by the involvement of adhesive proteins and of integrin receptors (Fig. 4).

Hakomori's group was first to show GSLs self-interactions as a possible basis for
cellular recognition at the morula stage of mouse embryogenesis, in embryonal
carcinoma cells, in specific aggregation of human embryonal carcinoma cells, and in

recognition between lymphoma and melanoma cells.
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Fig. 2. Organization and distribution pattern of glycosphingolipids (GSL) and glycoproteins
(Gp) at the cell-surface membrane. A, Proposed clustering of GSLs and Gp. B, Freeze-etch
electron micrograph of a human erythrocyte membrane double-labeled with ferritin-wheat germ
lectin and rabbit anti-globoside staphylococcal protein A colloidal gold. Ferritin-labeled areas (f) are
well separated from the gold-labeled area (large black dots; g) at the external surface (E), indicating
that these two major glycoconjugates form separate clusters.

i, surrounding ice; P, intramebranous particle surface, i.e. P face. The arrowhead indicates the
fracture line.

Hakomori. S. 1993 (2).
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Fig. 4. The model of GSL-dependent cell adhesion based on the membranous organization
of GSLs and glycoproteins (Gp). Compare with Fig. 2. A, The GSL cluster interacts with the Gp
cluster; simultaneously, adhesive protein (AP) interacts with the integrin receptor (I). B, Interaction
between GSL clusters on neighboring cells, subsequently reinforced by adhesive protein-integrin
receptor interaction. S, selectin; /, integrin receptor; AP, adhesive protein.

Hakomori, S., et al. 2000 (15).
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IL1.1.1. Glycosphingolipids in embryonal development and in
embryonal cell adhesion

Patterns of GSL expression change greatly during development and differentiation.
Early mouse embryos at the early 8- to 32-cell stage specifically express the Lewis™
(Le™) determinant (also referred to as stage specific embryonic antigen-1 or SSEA-1)
related to the Lewis blood group determinants. Le* shows maximal expression at the
16- to 32-cell stage and declines rapidly after compaction®’, i.e., tight aggregation of
embryonal cells, beginning approximately after the third division of the fertilized
egg. This pattern indicated a role of Le* in mediating compaction of the mouse
embryo at the morula stage. Experimental evidence for a functional role for surface
Le* was provided by the finding that a multivalent derivative of the oligosaccharide
lacto-N-fucopentaose III (LNF III), which contains Le* determinant in its structure,
caused decompaction of fully compacted mouse embryos™. Compaction is a Ca’'-
dependent cell adhesion event, the first of many specific cell-cell interactions
occurring during mammalian embryogenesis. Without this adhesion subsequent

development of the embryo may not occur.

A remarkable similarity has been demonstrated between the processes of morula
compaction in early embryogenesis and aggregation of undifferentiated F9 mouse
embryonal cells. F9 cells mimic the morula-stage preimplantation embryo and show
Ca”"-dependent cell aggregation. They also express high levels of cell surface Le* at
the undifferentiated stage, which declines upon differentiation™. It has been found
that Le" at the cell surface is recognized per se by another Le*, and that this Le*-Le”
interaction mediates aggregation of F9 cells in the presence of a bivalent cation®.
Both results, with mouse embryos and mouse embryonal cells, clearly indicated that
Le", a specific carbohydrate structure, is capable of self-interacting, and suggest that

this carbohydrate-carbohydrate interaction may account for cellular recognition.

Many human embryonal carcinoma cells, particularly at the undifferentiated stage,

show high expression of globo-series GSLs structures including SSEA-3 and -4,

12
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which are down-regulated upon differentiation in parallel with a decrease in cell
adhesion’'**. Undifferentiated human embryonal carcinoma 2102 cells express high
amounts of the Le* precursor lactoneotetraosylceramide (nLcy) and SSEA-3 (with
the major epitope GalGb4), and moderate level of globoside (Gb4)>. Expression of
these GSLs declines in association with a decline of homotypic adhesion during the
differentiation  process. 2102 cells adhere strongly to Gb4 and
gangliotriaosylceramide (Gg3) coated on plates, while they do not adhere to other
GSL epitopes™. Adhesion of 2102 cells to Gb4, which stimulates cell aggregation, is
based on carbohydrate-carbohydrate interaction between nLc, or GalGb4 (expressed
on cells) and Gb4 (coated on plates). Furthermore, binding to Gb4 induces signal
transduction in terms of activation of transcription factors AP1 and CREB. Binding
to Gg3 does not result in any cell activation indicating that there is also some
qualitative difference in binding to different GSL layers. These findings prove that
Gb4 and globo-series GSLs are involved in cell adhesion, analogous to the

involvement of Le* in compaction of mouse embryo and aggregation of F9 cells.

I1.1.1.2. Glycosphingolipids in specific recognition between
lymphoma and melanoma cells

Further support for the role of carbohydrate-carbohydrate interactions in cellular
recognition was provided by the demonstration of the specific aggregation of mouse
lymphoma L5178 cells with mouse melanoma B16 cells based on the interaction
between two gangliosides: Ggs and Gy Ggs is highly expressed at the surface of
mouse lymphoma cells and Gy; (sialosyllactosylceramide) is expressed at the cell
surface of mouse melanoma cells. The interaction between cells was inhibited by
monoclonal anti-Gg; and anti-Gy; antibodies. Since these antibodies are highly
specific for the gangliosides and do not cross-react with carbohydrates on
glycoproteins, it has been assumed that the specific cellular recognition between the
lymphoma and melanoma cells is indeed based on molecular carbohydrate-

carbohydrate interactions between Gg; and Gy;. Adhesion of B16 melanoma cells to

13



Introduction: glycosphingolipids

Gg3-coated surfaces enhanced tyrosine phosphorylation of FAK™. Direct binding
between Gy3 on the cell surface to Gg3 on the coated plates has been suggested as

the activating mechanism since antibodies against Gy could activate FAK.

The adhesion and spreading of B16 melanoma cells on coated culture dishes was
mostly obvious at early stages of cell plating, which indicates that GSL-mediated
interaction are very early phenomena in cellular interactions to be overtaken in later
stages by protein- mediated binding®®. Furthermore, melanoma cells could adhere
and spread faster on glycolipids coated on plates than to extracellular matrix
proteins: laminin or fibronectin coated on plates®’. Different clones of the B16 line
with different expression levels of the predominant GSL were tested for their binding
behavior to non-activated endothelial cells. Binding of melanoma cells to endothelial
cells was faster but weaker than binding to laminin or fibronectin, and was
dependent on Gy expression level. Under shear forces, binding strength of the
mutant B16 cells was still correlated to the expression level of Gy, but it was
stronger than the binding via extracellular proteins. Upon these findings, it has been
suggested that matastatic tumor cells make use of the high expression rates of certain
glycolipids to attach to the unstimulated endothelium, before next steps in cell

. . . . . . I . 38
activation and transmigration are mediated by protein-protein interactions™".

GSL-dependent cell adhesion can modulate signal transduction. Gy;-dependent
adhesion of melanoma cells enhanced tyrosine phosphorylation of cSrc and FAK,
and enhanced GTP binding to Rho A and Ras". Enhanced motility of melanoma
cells caused by Gy3-dependent adhesion to endothelial cells was regarded as the

initial step of melanoma cell metastasis’®.

14
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I11.1.2. CARBOHYDRATE INTERACTIONS IN
INVERTEBRATES — PROTEOGLYCANS

Virtually all animal cells produce proteoglycans, which vary greatly in structure,

. . 39,40
expression and functions™

. They are found in all connective tissues, extracellular
matrix, and on the surfaces of many cell types. Proteoglycans participate in and
regulate cellular events and (patho)physiological processes via either their
carbohydrate chains (glycosaminoglycans, GAGs) or their core proteins (Fig. 5). The
GAG chains have the ability to fill the space, bind and organize water molecules and
repel negatively charged molecules. Because of high viscosity and low
compressibility they are ideal for a lubricating fluid in the joints. On the other hand
their rigidity provides structural integrity to the cells and allows the cell migration
due to providing the passageways between cells. For example the large quantities of
chondroitin sulfate (CS) and keratan sulfate (KS) found on aggrecan play an
important role in the hydration of cartilage. They give the cartilage its gel-like
properties and resistance to deformation. Proteoglycans have the ability to regulate
proteolytic enzymes and protease inhibitors. Functions of proteoglycans in cell and
tissue development and physiology are mediated by specific binding of GAGs or
core proteins to other macromolecules. They bind to signalling molecules, which can
lead to the stimulation or prevention of the activity of growth factors. Cell surface
proteoglycans act as co-receptors, e.g. syndecans serve as a receptor with integrin for
fibronectin and other matrix proteins. Despite their structural and functional
diversity, proteoglycans do have a general propensity to be extracellular matrix
components and to mediate specific matrix interactions and biological activities
related to different aspects of cell adhesion’"*, but many of their roles in these

cellular processes are still poorly understood.

15
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Fig. 5. Proteoglycans functions. Five different functions are shown schematically and they are
reviewed in 39-42, and in 48.

A sulfated carbohydrate component of proteoglycan molecules, glycosaminoglycan
(GAQ), is covalently linked to the core protein (Fig. 6). Core proteins vary in size
from 11°000 to about 220’000 Da. The number of GAG chains attached to the core
protein varies from one to about 100. There are four main types of GAGs: 1) heparin
/ heparan sulfate (HS)*, 2) chondroitin sulfate (CS)* / dermatan sulfate (DS)*’, 3)
keratan sulfate (KS)*, and 4) hyaluronic acid (HA)". Each GAG is a polymer of a
disaccharide, which in heparin, HS, and HA consists of N-acetyloglucosamine and
uronic acid, in CS and DS of N-acetylogalactosamine and uronic acid, and in KS of
N-acetyloglucosamine and galactose. The sugars in GAGs are sulfated to varying

degrees. An exception is HA, which is not sulfated and is the only GAG present

16
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under its free form and possessing the ability to aggregate with the class of
proteoglycans termed hyalectans™. There is a potential for an enormous number of
proteoglycans due to the variations in the molecular weight of the core protein, in the

types and number of GAG chains attached to the protein core, and in sulfation

degree®.
C
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Fig. 6. Schematic representation of a proteoglycan structure. A, A single proteoglycan consists
of a core protein molecule to which a large number of glycosaminoglycan chains (GAGs, shown in
red) are covalently attached. B, In the cartilage matrix, individual proteoglycans (in box from fig. A)
are linked to a non-sulfated GAG, called hyaluronic acid (HA), to form a giant complex with a
molecular mass of about 3'000'000. C, Electron micrograph of a proteoglycan complex isolated from
cartilage complex.

The very first experimental demonstration of cellular recognition and adhesion
phenomena in the animal kingdom was assigned to the cell surface proteoglycan®

1
031 Sponges

and came from invertebrates, i.e. from marine sponge model system
evolved from their unicellular ancestors about 1 billion years ago by developing

cellular recognition and adhesion mechanisms to discriminate against "non-self”.

17
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They are the simplest and earliest multicellular organisms. They do not have any
defined organs or tissues, and only a limited number of cells remain motile within
the animal. Remarkably, dissociated sponge cells from two different species have the
capacity to reaggregate through surface proteoglycans by sorting out according to
their species of origin, in the same way as mixtures of dissociated embryonic cells

from two vertebrate tissues sort out according to their tissue of origin.

The purification of proteoglycans is often complicated, but sponge proteoglycans are
very easy to extract in large quantities by removal of extracellular calcium, and they
are abundant in the sponge extracellular matrix. It makes sponges one of the best
potential models to study proteoglycan structure and function. Consequently, this
simple and highly specific cellular recognition phenomenon of cell-cell aggregation
in sponges has been used for almost a century as a model system to study specific
cellular recognition and adhesion occurring during tissue and organ formation in

multicellular organisms.

I1.1.2.1. Structure and function of sponge proteoglycan

The extracellular matrix of the sponge is similarly composed to that of higher
Metazoans, containing proteoglycan molecules, collagens and other glycoproteins.
Sponge surface proteoglycans®®, otherwise known as aggregation factors (AFs), are
large molecules with an approximate molecular weight raging from 2 x 10* kDa>>"*
to 1.4 x10° kDa™. Based on their composition and on their electron® and atomic
force microscope (AFM) images’’, sponge cell surface proteoglycan molecules show
either a linear or a sunburst-like core structure with 20-25 radiating arms (Fig. 7).
AFM visualization of sponge proteoglycans allowed a better estimation of their
molecular dimensions and showed remarkable similarities between molecules from

different species (Table 1). Prolonged (4-weeks) EDTA-treatment of the

18
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proteoglycan disrupts the arms from the core structure, indicating that the cation is

important for the structural integrity of the complex””.

Specific cellular recognition of marine sponges is mediated by cell surface
proteoglycan molecules in a Ca”"-rich environment (~ 10 mM, as in seawater). The
model of proteoglycan-mediated cell-cell adhesion currently used assumes that the
proteoglycan molecule is immobilized via its arms onto the cell surface and the core
structure interacts with the core structure immobilized on another cell (Fig. 8). The
molecular basis of the selective cell-cell adhesion in most multicellular animals is
mediated by two distinct classes of molecules: a Ca*'-idependent activity like that
typical of the glycoproteins from the Ig superfamily’®, and a Ca*"-dependent cell-cell
adhesion, whose best example is the cadherins®’. Interestingly, sponge proteoglycans
reunite both functions in the same molecule and mediate species-specific cell-cell
recognition via two functionally distinct domains: 1) a calcium-independent cell-
binding domain and 2) a calcium-dependent self-association domain which is

providing the intercellular adhesion force.

Receptors for sponge proteoglycans are called baseplates. Microciona prolifera
cellular receptors include membrane-associated glycoproteins of 210 kDa and 68
kDa® with low carbohydrate content, and with a high affinity to both the cells and

the proteoglycan molecules®"*

. Geodia cydonium receptors are of low molecular
weight (M, = approximately 20°000) and consist chemically of glycoproteins with

high carbohydrate content®.

The binding of surface proteoglycans to sponge cells triggers a wide variety of
cellular responses. The addition of purified proteoglycans to primary cell aggregates
of Geodia cydonium resulted in increased DNA, RNA, and protein synthesis, and
in higher mitotic activity®*®. Moreover, binding of the surface proteoglycan to
Geodia cells triggered protein phosphorylation®® and ras gene expression®’. Finally,
involvement of main proteins of Microciona prolifera surface proteoglycan in

sponge histocompatibility has been suggested®®.

19
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Microciona prolifera proteoglycan Halichondria panicea proteoglycan

)

o -

Fig. 7. Atomic force microscopy (AFM)
images of different proteoglycans.
Air-dried surface proteoglycans from three
different sponge species were immobilized
on glass and visualized with the AFM.
Dimensions of the picture are 3x3 ym. The
color-encoded vertical z-scale of the images
corresponds to 3 nm (dark brown: 0 nm
elevation from the surface; white: 3 nm
elevation from the surface; vyellow:
intermediate elevation).

Table 1. Molecular dimensions of proteoglycans from three different sponge species as
estimated from AFM images.

proteoglycan backbone backbone length arm length number of
shape (nm) (nm) arms
M. prolifera Ring 285 143 ca. 20
H. panicea Rod 280 140 ca. 20
S. fuscus Rod 220 80 ca. 20

Jarchow, J., et al. 2000 (57).

20
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Fig. 8. The model of proteoglycan-mediated cell-cell adhesion.

A, Proteoglycan molecule with a ring core structure is immobilized via its arms to the cell surface
and mediates cell-cell interaction via its ring structure. B, Atomic force microscopy (AFM) image of a
circular-structure proteoglycan. C, Proteoglycan molecule with a backbone core structure is
immobilized via its arms to the cell surface and mediates cell-cell interaction via its backbone
structure. D, AFM image of a backbone-structure proteoglycan.

The protein and carbohydrate content in purified proteoglycans varies among
different sponges. Proteoglycans can consist of as high as ~75% protein and just

% and Suberites

~25% carbohydrates, as in indicated for Geodia cydonium
domuncula’. In contrast, Microciona prolifera proteoglycans consist of about 60%

carbohydrates and 40% proteins®’.

21



Introduction: carbohydrate moiety of proteoglycans

At present, the surface proteoglycan from the read beard sponge, Microciona
prolifera, is best characterized. There are two main proteins in Microciona circular
proteoglycan, termed MAFp3 (ranging from 30 to 50 kDa) and MAFp4 (~400
kDa)’’. Both molecules are extremely polymorphic’'. MAFp3 is found exclusively in
the ring structure, while MAFp4 is found exclusively in the arms®’. As in most large
proteoglycans, the MAFp4 core protein has a modular structure made of tandem
repeats®. However, MAFp4 does not have significant sequence homologies with any
known proteoglycans. The closest matches, i.e. 30% identity with MAFp4 repeats,
were found in two apparently unrelated proteins: the intracellular loop of Na'-Ca"
exchangers™ and a similar domain-structured endoglucanase from the symbiotic
bacterium Azorhizobium caulinodans®. Two different carbohydrates with molecular
masses of ~6 and ~200 kDa are found in the core structure and the arms of adhesion

proteoglycans.

I11.1.2.2. Carbohydrate moiety of sponge proteoglycan

Microciona prolifera surface proteoglycans carry two N-linked glycan molecules:
one with a mass of 6.3 kDa’* (termed g-6), believed to bind to a cell surface receptor
independently of Ca®" ions, and one with a mass of ~200 kDa’* (termed g-200) that
self associates in a Ca®"-dependent manner” (Fig. 9). G-6 is the main glycan present
on MAFp4 protein in the arms of proteoglycan molecule, and each arm contains
about 50 g-6 units>’. G-200 is the main glycan present on MAFp3 protein in the ring
structure of the proteoglycan. One Microciona proteoglycan molecule has ~26 copies
of g-200 glycan. In AFM images, 20 globular structures forming the ring of the
molecule can be seen (Fig. 10). If each of this structure represents a MAFp3 protein,
one or two g-200 units should be present on the protein. Indeed, one or two short
linear structures protruding from each of the 20 globular structures can be seen on
AFM images (Fig. 10), suggesting that they are g-200 glycan molecules. In
agreement with this hypothesis, their height: 0.55 + 0.1 nm is almost identical to the

22



Introduction: carbohydrate moiety of proteoglycans

AFM thickness measurements of glycosaminoglycan chains like hyaluronan’. These
observations consent to the model of proteoglycan-mediated cell-cell interactions
(Fig. 8), which assumes that the proteoglycan-surface receptor binding is mediated
through the arms (where g-6 glycan is found), whereas proteoglycan-proteoglycan
binding is mediated through the core (ring or backbone) structure (where g-200

glycan is found).

Carbohydrate moiety participation in the adhesion process was anticipated after it
was found that glycosidase treatment’’ and periodate oxidation” destroyed the
aggregation activity of proteoglycan molecules. Glass aminopropyl beads, coated
with protein-free200 kDa glycan, showed a Ca*"-dependent aggregation equivalent
to that of proteoglycan-coated beads’*. The monoclonal antibody raised against the
purified surface proteoglycan of Microciona prolifera (Table 2) blocked cell
aggregation, for which the epitopes recognized were identified as short carbohydrate
units of the 200 kDa glycan: a sulfated disaccharide” and a pyruvylated
trisaccharide”. Recently, a concept of self-recognition of defined carbohydrate
epitopes playing a role in cellular adhesion was confirmed™. To investigate this
phenomenon a system has been designed, surface plasmon resonance detection, to
mimic the role of carbohydrates in cellular adhesion of Microciona. The results
showed self-recognition of the sulfated disaccharide to be a major force behind the
calcium-dependent cell-cell recognition event. Nevertheless, specific interactions
between 200 kDa glycan molecules from different sponge species have not yet been
investigated to prove the existence of specific carbohydrate-carbohydrate recognition
in proteoglycan-mediated cellular recognition and adhesion systems, as it has been

done with glycosphingolipids.
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Fig. 9. The model of carbohydrate-
mediated cell-cell adhesion in
Microciona prolifera sponge.

g-6 glycan (6.3 kDa) binds to the cell
surface receptor (r). g-200 glycan
(~200 kDa) from one cell interacts with
g-200 glycan from another cell
mediating  cell-cell adhesion. p,
proteoglycan core protein.

Fig. 10. The model of Microciona
prolifera cell surface proteoglycan
structure. A, Atomic force microscopy
(AFM) image of native Microciona
proteoglycan showing the localization of
MAFp3 in the ring (black circumferences)
and of MAFp4 in the arms (red lines).
MAFp3 carries the g-200 glycan and
MAFp4 the g-6 glycan. B, Detail of an AFM
image of the proteoglycan molecule
showing 15-16 domains (red dots)
observed in each arm in the native
structure. C, AFM image of the
proteoglycan rings and of an isolated rod-
like chain (arrowhead). It has been
suggested that in the native proteoglycan
the rod-like molecules runs along the
circumference of the ring, stabilizing its
interaction with the arms. The enlarged
inset shows a detail of the ring structure
with short chains protruding that might
represent the g-200 glycan (blue lines).
The color-encoded vertical z-scale of all
the images corresponds to 3 nm.

Jarchow, J., et al. 2000 (57).
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Table 2. Antibodies against Microciona prolifera proteoglycan and their epitopes.

antibody nr of binding sites / reactivity epitope structure”

Microciona

proteoglycan
block 1 1100"™ g-6 and g200 Pyr< °,>Galp1-4GIcNAcB1-3Fuc
(clone 12) (200-300)"°
block 2 2'500" g-200 GIcNAcB1-3Fuc
(clone 17) |
3S0;
Cc-16 2'000™ g-200 Gala1-2GalB1-4GIcNAcB1-3Fuc
(clone 16) |
3S0;

Misevic, G., et al. 1987 (108)
Misevic, G., et.al. 1993 (74)

Spillmann, D., et al. 1995 (78)
Spillamm, D., et al. 1993 (79)

The carbohydrate composition of the glycans is very different between at least two
species. Carbohydrate analysis of Microciona prolifera and Halichondria panicea
adhesion proteoglycans®' has shown that both contain galactose, fucose, mannose, N-
acetylglucosamine, N-acetylgalactosamine and glucuronic acid (Table 3). The
composition between different individuals of the same species is very similar but
large differences are seen between individuals from two different species (Fig. 11).
The most striking differences are the low galactose and the high fucose, N-
acetylgalactosamine and glucuronic acid content in Microciona as compared to

Halichondria.
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Table 3. Carbohydrate composition of proteoglycans between two different sponge species.
Carbohydrates were analyzed by high performance anion exchange chromatography with pulsed
amperometric detection as described [81]. The average values in mol% were obtained from four
Halichondria and three Microciona individuals. Standard deviation (SD) is given.

Carbohydrates Halichondria panicea + S.D. Microciona prolifera + S.D.
(mol %) (4 individuals) (3 individuals)
Fuc 9.36 +1.87 24.89 +4.52
GalN 0.83 +0.13 4.54 +0.90
GlcN 15.46 +0.34 19.15 +2.80
Gal 55.40 +1.76 28.51 +3.28
Man 16.85 *0.55 11.38 +2.34
GlcA 2.08 *1.11 11.58 *+10.42

Jarchow, J., et al. 1998 (81).
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I11.2. MOLECULAR BASIS OF CARBOHYDRATE-
CARBOHYDRATE INTERACTIONS

I11.2.1. POLYVALENT CHARACTER OF CARBOHYDRATE-
CARBOHYDRATE INTERACTIONS

Molecules involved in cell-cell or cell-matrix adhesion must have an adequate
affinity or avidity, i.e. bind strongly enough to mediate specific biological
recognition under natural circumstances. Molecular interactions where carbohydrates
are involved are usually considered as weak interactions. The definition of “weak
interaction” is rather arbitrary and based upon binding strength of carbohydrates
surviving extensive washing during procedures such as direct binding to cells,
affinity chromatography, or detection by blotting (described by ICsy™* or K,
values®). Although the data is incomplete, it is generally accepted that biologically
relevant recognition involves higher order structures, i.e. multimerisation of
carbohydrate molecules in order to generate a sufficient affinity or/and avidity to

function in vivo’*®

. Such biological relevance can be achieved through polyvalence,
i.e. the repetition of the binding motif to ensure sufficient binding strength. A
suitable mechanism for keeping two interacting carbohydrate chains arranged in a
polyvalent array together would be a zipper (Fig. 12)*. This model provides the
simplicity by which nature may create specificity between two compositionally

rather similar structures interacting with one another.
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LUl

Fig. 12. Schematic representation of the
polyvalent sugar zipper as a possible model
of the carbohydrate-carbohydrate interaction.
A, An optimal spacing and pattern of “zipper
teeth” (interacting components) allows optimal
pairing and promotes the interaction between two

B carbohydrate molecules. B, Faulty spacing and
pattern of “zipper teeth” does not allow pairing
the

and restricts interaction between

| | | I | | | | | I carbohydrate molecules.

The creation of repetitive, interacting glycan sequences in vivo is feasible in different
modes. Oligosaccharide motifs can be repeated along the primary glycan sequence as
seen in plant cell wall carbohydrates. Glycans can also be arranged in a repetitive
pattern along the backbone structure which is not directly participating in binding,
e.g. in mucin structures on protein backbones™, or by branching carbohydrates on a

glycan scaffold, e.g. blood group antigens on poly-N-acetyllactosamine type glycan

27,84

backbones™ ™. Proteoglycans, glycoproteins or glycolipids can be presented on cell

17,18

surfaces in clusters or superstructures . It has been shown that GSLs form clusters

within membranes and are not randomly distributed®>*’. They accumulate on apical

13,87

surfaces of epithelial cells""’, and form patches in blood cells': e.g. erythrocyte

89,90

membranes®, peripheral lymphocytes®*’, monocytes and macrophages’’, and

particularly in myeloid cells and neutrophils®”.

Polyvalence in vitro allowed carbohydrate molecules to bind together and gave the
chance to measure carbohydrate-carbohydrate interactions by different methods.
Polyvalence could be achieved by crosslinking of the g-200 glycans isolated from
Microciona surface proteoglycan (M, = 200 kDa) with diepoxybutane /
glutaraldehyde to form polymers containing a similar number of g-200 repeats to that

in the native proteoglycan molecule. The cross-linked polymer of M, > 15 x 10° were
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attached to glass aminopropyl beads, which then could aggregate mimicking specific
cell-cell aggregation’*. Similarly, binding of g-6 Microciona glycan to cell surface
receptor through a carbohydrate-protein interaction has been reconstituted by
polymerizing the glycan. G-6 glycan (M, = 6.3 kDa) binds to its cell with a K, < 10
M, when molecules involved in cellular adhesion have mostly association constants
above 10° M. However, when the g-6 glycan was de novo polymerized into
multivalent complexes through crosslinking of the isolated glycan chains with
diepoxybutane / glutaraldehyde to approximately reconstitute the native
proteoglycan size (M, = 2 x 10" kDa), the binding to the cell was raised by more than
six orders of magnitude (1.6 x 10° M), This essentially restituted the full

biologically relevant binding strength.

Similarly, in GSL-GSL interactions, the adhesion of tumor cells to GSLs coated on
the plates was strictly dependent on the concentration of GSLs on the solid
phase™**°. Interactions between GSL liposomes varied with the respective densities
of the GSL on liposomes> . Moreover, hydroxylation and increase in the length of
the fatty acid chain of either galactosylceramide (GalCer) or cerebroside sulfate
(CBS) significantly affected the extent of the interaction between the two
glycolipids”. This suggested that developmental control or pathological changes can

effect cellular interactions mediated by carbohydrate-carbohydrate interactions.

Polyvalence can be easily controlled by various means: surface density of presented
structures, ionic strength to modulate attractive vs. repulsive forces, subtle changes
in biosynthesis of the carbohydrate sequences, etc. These allow changing the affinity
of the interactive molecules and therefore creating a highly flexible and specific
model of recognition system. The model assumes gradual adhesion between two
different cells or cell and matrix by allowing cells to test surrounding surfaces and

first slightly complex before releasing or reinforcing adhesion®.
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11.2.2. MOLECULAR FORCES IN CARBOHYDRATE-
CARBOHYDRATE INTERACTIONS

The molecular forces active between carbohydrates are not different from those
acting between other biological molecules®” (Fig. 13). Carbohydrates offer a rich
source for hydrogen bonds due to hydroxyl-, amine- and carboxy-groups. Hydrogen
bonds are considered to be dipole-dipole type interactions, but they are stronger than
dipole-dipole and dispersion forces””. They are formed when an H-atom in a polar
bond (e.g. H-F, H-O, or H-N) can experience an attractive force with a neighboring
electronegative molecule or ion, which has an unshared pair of electrons (usually F,

O, or N atom on another molecule).

Hydrogen bonding can be seen both intramolecular and intermolecular or in
combination with the solvent’™". Very high number of hydrogen bonds could be
seen in the crystal of Le* with bonds between the trisaccharide and water, and
between the carbohydrates themselves'”. An indirect consequence of intramolecular
hydrogen bonding has been suggested for HA. Exposure of a larger hydrophobic
patch in the chain for neighboring residues in HA could favor hydrophobic
interactions between different chains'®'. A different interpretation based on similar
data from molecular dynamics models for short saccharide sequences would suggest
the rapid exchange of different intramolecular hydrogen bonds in favor of a
prolonged solubility of even high concentrations of HA'*. Nevertheless, it is still

unknown which are the driving forces in vivo.
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Fig. 13. Schematic representation of stabilizing forces between two carbohydrate chains in
sponge glycans. Possible hydrogen bridges (arrows with dashed lines), hydrophobic surfaces
(shaded area), and ionic interaction (Ca”" between arrows) sites are sketched between two
carbohydrate chains. Interactions do not have to occur between different oligosaccharide sequences
of a glycan as depicted, but they can also occur between identical sequences.

Spillmann, D., et al. 1996 (82).

Carbohydrate-carbohydrate interactions are based mainly on van der Waals contacts
between the corresponding polyaphilic surfaces involved in the process' . Van der
Waals forces typically include dipole-dipole and London dispersion forces, and
sometimes the hydrogen bonding forces are also included with this group'®. The
complementary nature of polyaphilic surfaces in carbohydrate-mediated interactions
make the interaction highly specific and Ca®"-ions seem to be crucial for this process
to occur in biological and other model systems'®. The role of calcium in
carbohydrate-carbohydrate interactions is not well understood. Ca**-ions could be
responsible for the approach and organization of the sugar moieties which provide

the adequate surfaces for interaction. They may also enhance the adhesion force
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between complementary surfaces, acting as a bridge between specific hydroxy

groups.

In marine sponges, Ca’'-ions are essential in carbohydrate-carbohydrate interactions.
On the molecular level, they probably provide coordinating forces™, though ionic
forces cannot be excluded. Most carbohydrates are neutral or negatively charged due
to carboxy- and sulfate- groups, but also positively charged glycans occur and rare
ionic interactions can take place. Ca®" effect is not merely a charge effect since it has
been shown that not just every acidic sponge glycan is interacting in the presence of
Ca®". Although single hydroxyl groups are too weak to coordinate cations, the
combination of two to three well positioned hydroxyl groups on one sugar residue or
over two adjacent residues can coordinate cations to the carbohydrate chain in the
presence of water molecules. These Ca*" interactions together with hydrogen bonds

may lead to a sort of super-structure even allowing some lipophilic interactions™.

Other carbohydrate-carbohydrate interactions occur not only in the presence of Ca®'-
ions but also in the presence of various other metal cations™, including Mg*".
According to molecular modeling, Ca*"-ions in Gy3-Gg3 and Le*-Le* interactions
lock the association of the molecules that occur via their hydrophobic sides®*'®.
However, no Ca’" is present in the Le* crystalloo. On another hand, corneal epithelial
cell-cell adhesion through the Le™ determinant is highly dependent on the presence of
Ca”"-ions'*. Also self-aggregation of Le* molecules in aqueous solution, where the
molecules move freely, occurs only in the presence of Ca*"-ions'”’. Further studies

are required to resolve the exact role of Ca’" and other divalent cations in

carbohydrate-carbohydrate interactions.

32



Abstract

III. ABSTRACT

Carbohydrates at the cell surface have been proposed as mediators in cell-cell
recognition events involved in embryogenesis, metastasis, and other proliferation
processes by calcium-dependent carbohydrate to carbohydrate interactions. They are
the most prominently exposed structures on the surface of living cells, and with
flexible chains and many binding sites are ideal to serve as the major players in
initiating these cellular events. However, biological relevance of these type
interactions is often questioned because of the very low affinity binding of single
carbohydrate molecules and that they manifest themselves only through the contact
of a large number of molecules tightly arranged in the membrane. Weak interactions
are considerably more difficult to study and only a few biologically significant
examples of direct carbohydrate-carbohydrate interactions have been reported, e.g.
pioneering work showing glycosphingolipid self-interactions through multivalent
interaction of Lewis X epitopes. However, there are no reports on the existence of
specific  proteoglycan  self-interactions through carbohydrate-carbohydrate
interactions in cellular recognition system, as it has been done with

glycosphingolipids.

Here, we used sponges, organisms on which the first proteoglycan-mediated cell-cell
recognition in the animal kingdom was demonstrated, as a model system to study
carbohydrate-mediated cellular recognition. We show that the interaction between
single oligosaccharides from surface proteoglycans is relatively strong and
comparable to protein-carbohydrate interactions, highly specific, and dependent on

Ca*"-ions.

200 kDa glycans from the core protein of Microciona prolifera cell surface

proteoglycans have been previously shown to mediate homotypic Microciona
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proteoglycan-proteoglycan interactions. Here, 200 kDa glycans from four different
sponge species: Microciona prolifera, Halichondria panicea, Suberites fuscus and

Cliona celata were purified and investigated for species-specific interactions.

Selective recognition of glycans by live cells was studied to confirm the existence of
glycan-glycan recognition system in biologically relevant situations. Mature sponge
cells have the ability to reaggregate species-specifically and form homogenous
aggregates on a shaker at the right shear forces in the presence of physiological 10
mM Ca”". Live cells were allowed to aggregate with glycan-coated beads similar in
size to small sponge cells in the presence of calcium. They specifically recognized
beads coated with their own glycans and did not mix but separated from beads

coated with glycans isolated from different species.

The glycan-glycan recognition assay was developed to mimic species-specific cell-
cell recognition in sponges. 200 kDa glycans immobilized onto beads similar in size
to small sponge cells assembled species-specifically in the presence of physiological
calcium, at the same shear forces as in cell-cell aggregation. Glycans coated on
beads aggregated with glycans from the same species coated on beads, and separated
from glycans from other species. The glycan density necessary for specific live cell-
cell recognition in sponges is 828 molecules/um?. In our studies, the glycan density

necessary for specific glycan-coated bead was very similar: ~810 molecules/pum?®.

Mature live cells demonstrated specific recognition of 200 kDa glycans during
selective-binding to glycans coated on surfaces in the presence of calcium. They
strongly adhered to glycans from their own surface proteoglycans coated onto a solid
polystyrene phase, while the binding to glycans from different proteoglycans was 3 -
5 times lower. Moreover, homotypic adhesion to glycan-coated plates enhanced

sponge cell differentiation and formation of mineral skeleton (spicules).

Larval cells, after settlement and spreading of larvae, can fuse species-specifically in

nature. In our studies, live larval cells recognized and adhered specifically to glycans
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purified from adhesion proteoglycans from their "mother sponge". They showed

almost no interaction with glycans from other species.

As in cell-glycan adhesion assays, highly species-specific adhesion of 200 kDa
glycans to glycan-coated surfaces could be observed in the presence of
physiological calcium. Tested glycans bound strongly to glycans from the same
species and showed up to a six fold reduction in binding to glycans from other

species.

Atomic force microscopy (AFM) was performed to measure for the first time
adhesion forces between single glycan molecules obtained from different surface
proteoglycans. Measurements revealed equally strong adhesion forces in the range of
several hundred piconewtons (pN) between glycan molecules as between proteins
and glycans measured in another recognition system. Moreover, statistically
significant differences (p value < 0.01) were seen between homotypic (glycans from
the same species) and heterotypic (glycans from different species) interactions.
Moreover, the polyvalent character of binding characterized mainly interactions
between glycans from the same species. This indicates that not only the higher
adhesion force per binding site as such but also the higher amount of multiple
interactions between glycans from the same species versus mixture of glycans from

different species guaranteed the specificity of the glycan-mediated recognition.

These findings confirm for the first time the existence of specific glycan-glycan
recognition system between cell surface proteoglycans. We propose that these cell's
outermost surface structures serve as important players in initiating the very first
contacts between cells through highly species-specific and flexible carbohydrate-

carbohydrate interactions.
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1IV. MATERIAL AND METHODS

1V.1. SPONGES, CELLS AND LARVAE

Four different sponge species, i.e. Microciona prolifera, Halichondria panicea,
Suberites fuscus and Cliona celata (Fig. 14) were collected by the Marine Biological
Laboratory Marine Resources Department in Woods Hole, MA. Only freshly
colleted specimens were used for the preparation of cells, cell surface proteoglycans

and glycans.

Microciona prolifera Halichondria panicea

Suberites fuscus

Fig.14. Pictures of four different sponge species used in these studies.

Sponges were rinsed in BSW (0.49 M NaCl, 11 mM KCIl, 10 mM CaCl,, 2 mM
MgCl,, 7 mM MgSO,, buffered with 2.1 mM NaHCO; to pH 7.4), cut into small
pieces and incubated in BSW for 2 h at 4°C with gentle shaking. Afterwards, they

were filtered and sponge pieces were gently squeezed through a 50 pum size nylon
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mesh. The pellet of cells was obtained by centrifugation (1'000g / 5 min.). Viable
cell number was determined by Trypan Blue staining and cells were counted in

hemacytometer chamber.

Larvae of Microciona prolifera and Halichondria panicea were caught in a mesh
and recovered in a small volume of BSW into a 15-ml tube. After brief vortexing,
larvae came apart and larval cells were obtained. Total cell counts and viable cell

number were determined as before.

IV.2. PURIFICATION OF CELL SURFACE PROTEOGLYCANS

Isolation and purification of sponge cell surface proteoglycans was carried out

essentially as described”®'*.

Sponges were rinsed in CMFBSW (0.49 M NaCl, 11 mM KCI, 7 mM Na,SOy,,
buffered with 2.1 mM NaHCO; to pH 7.4), cut into small pieces and incubated in
CMFBSW for 4 h at 4°C with gentle shaking. Afterwards, they were decanted and
sponge pieces were gently squeezed through a 210 um size nylon mesh. Cells and
larger particles were removed by centrifugation (2'000g for 10 min. and 10'000g for
20 min.). Proteoglycans were precipitated by increasing the calcium concentration to
30 mM and leaving them overnight at 4°C with gentle shaking. The gel-like
precipitate was spun down at 8'000g for 15 min. and homogenized in 20x of its
volume CMFBSW buffered with 20 mM Tris and supplemented with 2 mM CacCl,
(CMFTSW; artificial seawater). The last debris was removed by centrifugation at
12'000g for 30 min., and proteoglycans were precipitated at 35'000g for 3h at 4°C.
The final purification of proteoglycans was performed by centrifugation in cesium-
chloride gradient (50% CsCl in CMFTSW) at 38'000g for 48h at 4°C in quick-seal
tubes (Beckmann). Microciona proteoglycan was collected as a final pellet and the

other as discrete bands in the lower third of the gradient. All proteoglycans were
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dialyzed against CMFTSW (3 x 1h) and stored in CMFTSW containing 0.05%

NaN;j. Protein concentrations were determined using the Biorad DC assay.

1IV.3. EDTA-TREATMENT OF CELL SURFACE
PROTEOGLYCANS

Long term EDTA-treatment of purified proteoglycans was essentially done as
described'”. Briefly, 2 ml of 0.7 mM EDTA, pH 7.0 was added to lyophilized
proteoglycans, and left at 4°C for a 4-week period. Following this treatment,
separation of the core and the arms was done 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.

1IV.4. GLYCAN PURIFICATION

10 mg of purified and lyophilized cell surface proteoglycans were delipidated in
water:chloroform:methanol with a final ratio of 3:8:4 (v/v/v) and the resulting pellet

was extracted with ethanol to remove the organic solvents' '

. Glycans were obtained
by extensive pronase digestion as described'™''"°. The pellet was suspended in 6 ml
of 0.1 M Tris-HCI, 1 mM CaCl,, pH 8.0 and incubated over a period of 72h at 60°C
with three additions of prewarmed pronase (300 pl of 10 mg/ml Pronase,
Calbiochem) every 24h. The glycans were separated from amino acids and small
peptides by gel filtration on a Sephadex G-25 (Pharmacia) column (2 x 32 cm) eluted
with 10 mM pyridine-acetate, pH 5.0. The presence of acidic glycans was checked
by dotting aliquots on a Zeta-probe membrane (Biorad) and Alcian staining (3%
acetic acid, 25% isopropanol, 0.5 g Alcian Blue/100 ml final volume). Destaining
was done in 10% acetic acid / 40% ethanol. Zeta-probe membranes were prewetted
in destaining solution before staining with Alcian to avoid high background.

Fractions containing glycans were pooled and lyophilized. Pellets were suspended in

10 mM pyridine-acetate and separation of 6 kDa and 200 kDa glycans were done on
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Sephadex G-75 (Pharmacia) column (1 x 50 cm) eluted with 10 mM pyridine-

acetate, pH 5.0. The presence of glycans was checked as before.

IV.5. GEL ELECTROPHORESIS AND BLOTTING OF
GLYCANS

Electrophoresis of glycans was done using 5-20% or 15% TBE acrylamide gels
essentially as described''!, but modified for the Biorad mini-gel system. The running
buffer (TBE: 0.9 M Tris, 0.9 M borate, 24 mM EDTA, pH 8.3) was precooled to
4°C, electrophoresis was carried out at 200V and gels were not prefocused. Gels
were either stained with Alcian (4h incubation in Alcian staining as described above
in IV.4, and several rounds of incubation in destaining solution), or with the
combined Alcian-silver method''>. Transfer of glycans from the gel onto a Zeta
probe membrane was done with semidry transfer equipment using the same buffer as
for electrophoresis. Blotting was done for 50 min. at 0.8 mA/cm® and membranes
were either stained by Alcian or blocked in Tris buffered saline, pH 7.5, 3% BSA,
0.5% Tween-20, 1% Triton X-100 (Zorro) for 1h. Incubation with the first antibodies
was performed at room temperature (RT) for 2h or overnight at 4°C using 2-5 pg/ml
of blocking solution. After washing, the blots were incubated with secondary
antibody (HRP-coupled rabbit anti mouse) at a dilution of 1:10'000 in blocking
solution at RT for 1h. Development of the washed membranes was either done by
incubating them in 0.017% of 4-chloro-1-naphtol, 0.006% H,0, in PBS (8.1 mM
Na,HPO,, 1.5 mM KH,PO,. 131 mM NaCl, 2.1 mM KCI, pH 7.4) or with the ECL
system (Amersham). Molecular weight markers (chondroitin sulfate, CS, and

hyaluronic acid, HA) were from Sigma.
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1V.6. BEAD COUPLING

1V.6.1. Amine-modified beads

4.5 x 10® freshly sonified amine-modified fluorescent beads (Molecular Probes, 1 pm
in diameter) were incubated with purified 200 kDa glycans in CMFTSW (1.5 mg/ml)
and 2 mg of 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB, SE, Molecular Probes)
overnight at RT. Afterwards, beads were washed 5x in CMFTSW and stored in 1 ml
CMFTSW. Coupling efficiency was determined by dotting a bead aliquot on a Zeta
probe membrane and Alcian staining (see IV.4.), and by measuring the glycan
concentration (by staining with 1% Toluidine Blue) on the beads after reversing the

DTNB crosslinking with the disulfide-reducing agent DTT.

1V.6.2. Carboxylate-modified beads

3.6 x 10® freshly sonified fluorescent carboxylate-modified beads (Molecular Probes,
I um in diameter) were incubated with 200 kDa glycans in CMFTSW (1.5 mg/ml), 3
mg of water-soluble 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC,
Molecular Probes), and 1 mg of N-hydroxysulfosuccinimide (Molecular Probes)
overnight at RT, pH 6.0. Afterwards, beads were washed 5 times in CMFTSW and
stored in 1 ml CMFTSW. Coupling efficiency was determined by dotting a bead

aliquot on a Zeta probe membrane and Alcian staining (see 1V .4.).

1V.7. BEAD AGGREGATION ASSAY

9 x 10’ glycan-coated amine-modified beads, or 7 x 10" glycan-coated carboxylate-
modified beads were diluted in artificial seawater: CMFTSW (20 pl beads / 400 pl
CMFTSW) in wells constructed by mounting a conical plastic ring (1.5 cm in
diameter) onto a coverslip. 10 mM CaCl, was added and aggregation was allowed to
proceed on a rotary shaker at 60 rpm for 4 h. Images of bead aggregates were

acquired with a confocal laser-scanning microscope (Leica Lasertechnik, Heidelberg,
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Germany) equipped with an argon/krypton laser and a 10x objective (PL Fluotar,
N.A. 0.3). The size of the scanned area was 1000 x 1000 um (512 x 512 pixels).
Image processing was performed using Adobe Photoshop version 6.0.

Quantifications were performed using UTHSCSA Image Tool version 2.00 Alpha.

IV.8. ESTIMATION OF CA’* UPTAKE DURING CELL-CELL
AND GLYCAN-COATED BEAD-BEAD AGGREGATIONS

The calcium uptake was estimated for cell-cell and glycan-coated bead-bead
aggregation. 5 x 10° cells or 9 x 10’ glycan-coated amine-modified beads were
allowed to aggregate on a rotary shaker at 60 rpm for 10 h in CMFTSW containing
10 mM CaCl, labeled with calcium-45 (74 MBq, 2 mCi,
AmershamPharmaciaBiotech). Every certain time, cells or glycans were spun down
(1'000g / 5 min.) and the radioactivity of the calcium-45 left in the suspension was
determined to obtain the non-taken Ca®". The radioactivity was determined in Liquid
Scintillation Cocktail (Beckman) in a Beckmann LS 3801 reader. The radioactivity
of non-taken Ca*” was deduced from the radioactivity of the overall Ca*" added to

obtain the quantity of Ca*" taken by aggregating cells or glycans coated on beads.

1V.9. BINDING TO COATED PLATES

1V.9.1. Preparation of coated plates

Solutions of purified proteoglycans (5 mg/ml) or purified 200 kDa glycans (2 mg/ml)
in CMFTSW were appropriately diluted and placed in duplicates in wells of a 96-
well flat bottom plastic plate (Falcon, 0.3 ml/well volume). After 2 h, each well was

washed with CMFTSW to remove non-bound proteoglycans and glycans.

The quantity of proteoglycans or glycans adhered to plates was determined by

staining with 0.1 % Toluidine Blue and measuring the absorbance at 630 nm.
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1V.9.2. Binding of cells to proteoglycan-coated plates

Solutions of purified proteoglycans in CMFTSW (0.01 pg/ml - 1 pg/ml) were coated
in duplicates in wells. 100 ul of live cells (5 x 10%) in CSW were added to each
proteoglycan-coated well, supplemented with 200 ul CMFTSW containing 10 mM
CaCl, and incubated for 2h at RT. Non-bound cells were washed off by gradient
washing in CMFTSW containing 10 mM CaCl,. Namely, plates were immersed in
CSW with 10 mM CacCl, in a large container, suspended upside down for 10 min
with gentle shaking to allow non-adherent cells to sediment out of plates. Bound
cells were lysed for 10 min in 2 M NaCl, 20 mM Tris-HCI, pH 7.5. 200 ng Hoechst
in 20 mM Tris-HCI, pH 7.5 was added to cell lysates and the fluorescence was

measured at A.,=360 nm and A.,=450 nm.

1V.9.3. Binding of glycans, glycan-coated beads, and cells to
glycan-coated plates

Solutions of 200 kDa glycans in CMFTSW (0.01 pg/ml - 8 ng/ml) were coated in
duplicates in wells. One set of wells with coated glycans was left to serve as a
control. 100 pl of glycans in CMFTSW (0.1 mg/ml) were added to the second set of
coated wells and incubated for 2 h at RT, after addition of 10 mM CaCl,.
Afterwards, non-bound glycans were washed off with CMFTSW containing 10 mM
CaCl,. Bound glycans and control glycans (the coat) were stained with 0.1 %
Toluidine Blue and absorbance was measured at 630 nm. The absorbance of glycans
used as a coat (control) was deducted from the total absorbance measured after the

addition of glycans to coated wells to give the absorbance of bound glycans.

200 pul of glycan-coated amine-modified beads (9 x 107), or glycan-coated
carboxylate-modified beads (7 x 107) in CMFTSW were added to each glycan-
coated well, and incubated for 2 h at RT. Afterwards, non-bound glycan-coated
beads were washed off with CMFTSW containing 10 mM CaCl,. Images of adhered
glycan coated-beads were acquired with a confocal laser-scanning microscope (Leica

Lasertechnik, Heidelberg, Germany) as before (see IV.7.).
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100 pl of live mature or larval cells (5 x 10°) in CSW were added to each glycan-
coated well, supplemented with 200 ul CMFTSW containing 10 mM CaCl, and
incubated for 2h at RT. Non-bound cells were washed off by gradient washing in
CMFTSW containing 10 mM CaCl,, and lysed as before. Treatment with Hoechst
and fluorescent measurements were done as in binding of cells to proteoglycan-

coated plates (see 1V.9.2.).

1V.10. ATOMIC FORCE MICROSCOPY (AFM)

1V.10.1. Support and tip preparation

Force measurements were performed with a commercial Nanoscope I1II AFM (from
Digital Instruments, Santa Barbara, CA, USA) equipped with a 162 um scanner (J-

scanner) and oxide-sharpened Si3N4 cantilevers with a thickness of 400 nm and a

length of 100 pm (k = 0.1 N/m; Olympus Ltd., Tokyo, Japan).

Cantilever spring constants k measured for a series of cantilevers from the same
region of the wafer revealed on average k=0.085 N/m and a standard deviation of
SD=0.002 N/m. We observed a variation of <15% for k-values from different
cantilever batches. All measurements were done with cantilevers from the same

batch.

Surface clustering of 200 kDa glycans was determined by fluorescence imaging.
Glycans were labeled through their amino groups of the amino acid portion with
5(6)-Carboxyfluorescein-N-hydroxysuccinimidester ~ (Boehringer, = Mannheim).
Labeled glycans were separated from free labeling substance via a P-6 sizing column

(Pharmacia) in 100 mM pyridine-acetate buffer (pH 5.0).
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1V.10.2. Force measurements

AFM supports were built as described'”®. The mica was cleaved using scotch tape,
masked using a plastic ring mask with an inner diameter of 5 mm, and immediately
brought into the vacuum chamber of the gold sputter coater (Bal-Tec SCD 050). A
vacuum of 10 mbar was generated and the pressure was then adjusted to 5 x 107
mbar with argon. A 20 nm gold layer was deposited on the mica surface and the tip
controlled by a quartz thickness and deposition rate monitor (Bal-Tec QSG 050).
Both the support and the tip were overlaid with CMFTSW containing 10 mM CacCl,
and the gold-gold-interaction was measured. Afterwards, the support and the tip
were incubated for 15 min at RT with isolated 200 kDa glycans (I mg/ml) and
glycan-glycan force measurements were performed in CMFTSW containing 10 mM
CaCl,. The AFM stylus approached and retracted from the surface approximately
100 times with a speed of 200 nm/s. The tip was moved laterally by 50 nm after

recording 5 force-distance curves. All measurements were conducted at RT.

IV.11. ANALYTICAL METHODS

IV.11.1. Carbohydrate analysis

For carbohydrate composition, proteoglycans were hydrolyzed in 4 M TFA at 100°C
for 4 h. Remaining TFA was 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 column was
equilibrated with 16 mM NaOH and eluted with linear gradients from 16 mM NaOH
to 0.1 M NaOH/50mM Na-acetate, and from 0.1 M NaOH/180 mM Na-acetate.
Pulsed amperometric detection was done by using PAD 2 cell 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 factors from standard samples containing 2 nM of
the respective monosaccharides, and treated the same way as the polysaccharide

samples.
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1V.11.2. Amino acid analysis

For amino acid analyses, dry glycan samples were diluted in 1 ml UP water and the
aliquots of 25 pul were lyophilized and hydrolyzed during 24 h. After hydrolysis, the
black residues were suspended in 100 pl of 50 mM HCI containing 50 pmol/ul
Sarcosine (Sar) and L-norvaline (Nva) each while ultrasonicated for 15 min. After
15-min centrifugation, the transparent solutions were transferred into new reagent

tubes and analyzed on a Hewlett-Packard AminoQuant II analyzer.
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V. RESULTS

V.l. GLYCANS OBTAINED BY PRONASE DIGESTION

Proteoglycan molecules from four different species were subjected to an extensive
pronase digestion in order to obtain protein-free glycans from the core structures.
The total 200 kDa glycans were separated from free amino acids and peptides by gel
filtration (see IV.4). This protocol is a general and routinely used method for
obtaining protein-free carbohydrates''®. Two approaches were used for obtaining
glycans: 1) pronase digestion of the whole proteoglycan molecules or 2) EDTA-
dissociation of proteoglycans into two subunits: arm fragments and core structures,

followed by pronase digestion of each subunit.

In the first approach, after pronase digestion of proteoglycan molecules, glycans
were separated on Sephadex G-75 sizing column. Two major peaks could bee seen
after separation of glycans from each species (Fig. 154). Fractions from each peak
were collected and PAGE in a Tris-borate-EDTA buffer (TBE) was used to estimate
the size of the glycans'®. There were always two main glycans obtained from
different surface proteoglycans: 6 kDa and 200 kDa (Fig. 15B). 200 kDa glycans
were obtained from fractions collected from the first peak, and 6 kDa glycans were
obtained from fractions collected from the second peak. The big glycan obtained
from Cliona celata appeared to be slightly smaller than the ones from other species.

The molecular weight of the glycan, as observed on TBE-gels, was around 170 kDa.

In the second approach, proteoglycans from all four species were first dissociated by
prolonged EDTA treatment. The resulting subunits were separated on an A-15m
column (Fig. 164). The first peak of big volume is considered to contain the central
core protein and the second peak of small volume is considered to contain arm
fragments®’. Upon pronase digestion, the first peak consisted of 200 kDa glycans and
small amount of 6 kDa glycans (Fig. 16B8). The peak of arm fragments consisted of

46



Results: glycans

only 6 kDa glycans. Farther separation of 200 kDa and 6 kDa glycans from the first

peak had to be performed on Sephadex G-75 column to obtain pure glycan fractions.

The second approach was time consuming and was not used for obtaining 200 kDa
glycan. Only 200 kDa glycans obtained from the first approach were used for

experiments.

There have been essentially no losses of carbohydrates during the purification
procedures since the carbohydrate yield of the glycan fractions was ~97%. Amino
acid analysis of glycans from the four sponge species used showed that there was
from 0.7 (Cliona celata) to 1.1 (Microciona prolifera) mol of linker aspartate/mol of
glycan (Table 4). Only trace amounts of a few other amino acids were detected. This
indicates that the digestion was complete and that the purification procedure for the
200 kDa glycans led to essentially pure glycan fractions, free of any protein

contaminations.

The carbohydrate compositions of purified proteoglycans from four different sponge
species were analyzed by high performance anion exchange chromatography. All
proteoglycans contained galactose (Gal), fucose (Fuc), mannose (Man), N-
acetylglucosamine (GIcNAc), 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 5). Microciona proteoglycan was characterized by
high fucose, while Halichondria proteoglycan had threefold less. Microciona and
Halichondria proteoglycans showed high galactose, while Cliona proteoglycans had
three- to fourfold less. The latter was the only species with significant amounts of
GalNAc. On the other hand, only Microciona proteoglycan contained significant

amounts of GlcUA.
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Fig. 15. Separation of glycans obtained by pronase digestion of the whole proteoglycan
molecules from different sponge species. A, Separation of glycans on Sephadex G-75 sizing
column from a pronase digestion of the whole proteoglycan molecule (see IV.4.). B, PAGE
electrophoresis of glycans obtained from both peaks. a-d 200 kDa glycans obtained from the first
peak; e-h, 6 kDa glycans obtained from the second peak. a and e, Microciona prolifera glycans; b
and f, Halichondria panicea glycans; ¢ and g, Suberites fuscus glycans; d and h, Cliona celata
glycans. Molecular weight standards: HA, hyaluronic acid; CS, chondroitin sulfate.
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Fig. 16. Separation of glycans obtained by pronase digestion of subunits of different surface
proteoglycans after EDTA-treatment. A, Separation of proteoglycan fragments on A-15m sizing
column after prolonged EDTA-treatment of proteoglycan molecules (see 1V.3.). B, PAGE
electrophoresis of glycans obtained from both peaks by pronase digestion. a-d 200 and 6 kDa
glycans obtained from the first peak; e-h, 6 kDa glycans obtained from the second peak. a and e,
Microciona prolifera glycans; b and f, Halichondria panicea glycans; ¢ and g, Suberites fuscus
glycans; d and h, Cliona celata glycans. Molecular weight standards: HA, hyaluronic acid; CS,
chondroitin sulfate.
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Table 4. Trace amino acid composition of 200 kDa glycans. The values are the average of 4
determinations. Cys was not determined.

Microciona Halichondria  Suberites Cliona
mol amino acid/mol glycan
Asp 1.1 0.9 0.9 0.7
Glu 0.4 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
Ile 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
Gln 0 0 0 0
Trp 0 0 0 0
Ca 0 0 0 0
Total 2.6 2.0 1.9 1.3

Table 5. Comparison of the carbohydrate composition of proteoglycans from two sponge
species. The average values were obtained from 4 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 12.4 14.0
GalNAc 3.7 1.2 2.0 10.1
GIcNAc 18.3 14.1 34.2 27.5
GlcUA 9.1 3.0 1.9 4.5
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V.2. AGGREGATION ASSAYS

V.2.1. CELL-CELL AGGREGATION IS SPECIES-SPECIFIC

In the classical assay for specific cell-cell recognition, mechanically dissociated live
sponge cells can recognize its own kind and form big homogenous aggregates on a
rotary shaker at the right shear forces, i.e. rotor speed, in the presence of
physiological 10 mM Ca”" in artificial seawater. At too high rotation speed no cell
aggregates are formed since shear forces are too high. At too low rotation speed
unspecific, faulty initial contacts will remain since such cells do not get a second or
third chance to form higher affinity adhesions with other cells. At the optimal speed
of the shaker (60 rpm) a sufficient shear force was implied and species-specific cell

aggregates could consistently be observed after 4 h in seawater with 10 mM CaCls,.

Dissociated cells from the same sponge aggregated species-specifically in the
presence of physiological 10 mM Ca®" (Fig. 174-B). Large homotypic aggregates of
cells with red (Microciona prolifera) and yellow (Suberites fuscus) natural pigment
could be observed. The mixture of cells from two different sponge species did not
mix but formed separate aggregates (Fig. 17C-D). Red (Microciona) and yellow
(Suberites) cells (C), as well as red (Microciona) and grey (Halichondria panicea)

cells (D), formed separate clumps according to the species of origin.

This homotypic (between cells from the same species) and heterotypic (between
cells from two different species) cell-cell interactions could be abolished in the
absence of Ca®* (Fig. 17E-F). The antibody directed against the carbohydrate epitope
of Microciona surface proteoglycan could only inhibit the specific cell-cell
recognition between Microciona red cells (Fig. 17G). The antibody had no visible
effect on homotypic aggregations between cells from any other sponge species, as

shown for aggregation between Suberites yellow cells (Fig. 17H).
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cells from identical
sponge species

cells from two different
sponge species
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Fig. 17. Species-specific recognition between live cells. Rotation-mediated cell-cell recognition
was monitored for 4 h in artificial seawater with physiological 10mM Ca*. A, Homotypic
aggregation between Microciona prolifera red cells. B, Homotypic aggregation between Suberites
fuscus yellow cells. C, Species-specific sorting between red (Microciona) and yellow (Suberites)
cells. D, Species-specific sorting between red (Microciona) and grey (Halichondria panicea) cells. E,
Inhibition of the homotypic aggregation between red (Microciona) cells in the absence of Ca*". F,
Inhibition of the heterotypic aggregation between red (Microciona) and grey (Halichondria) cells in
the absence of Ca**. G, Inhibition of the homotypic aggregation between red (Microciona) cells by
the antibody directed against the carbohydrate epitope of Microciona proteoglycan. H, No inhibition
of the homotypic aggregation between yellow (Suberites) cells by the antibody directed against the
carbohydrate epitope of Microciona proteoglycan. Pictures were taken by phase-contrast
microscope at 10x magnification.
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V.2.2. BINDING OF GLYCANS TO BEADS

The binding efficiency of 200 kDa glycans to beads and its impact on bead-bead
aggregation was studied. Fig. 18 shows the binding efficiency of 200 kDa glycans
purified from Microciona prolifera and Cliona celata surface proteoglycans to red
and green amine-modified fluorescent beads (I pm in diameter). The DTNB
crosslinking of glycans to amine-modified beads could be easily reversed by
treatment with the disulfide-reducing agent DTT and the glycan concentration on the

beads could be estimated (see IV.6.1.).

Applied coupling method resulted in very high binding efficiency of both
Microciona and Cliona 200 kDa glycans to amine beads (Fig. 18). 0.19 nM (Cliona)
to 0.21 nM (Microciona) glycans were immobilized onto beads when 0.25 nM
glycans were added to 4.5 x 10* amine beads. However, the size of bead aggregates
after 4 h of rotation-mediated homotypic aggregations between Microciona glycan-
coated beads and between Cliona glycan-coated beads was small (Fig. 184). When 5
nM glycans were added to 4.5 x 10° amine beads, 3.5 nM (Cliona) and 3.75 nM
(Microciona) glycans were bound, and the resulting bead aggregates were much
bigger in size. The system was saturated when 25 nM glycans were added to beads
for coupling (Fig. 18B). The size of bead aggregates was only slightly bigger than of
those when 5 nM glycans were added for coupling. Therefore, 5 nM glycans were

always used for coupling of 200 kDa glycans to amine-modified beads.
Very similar results were obtained when binding efficiency of 200 kDa glycans to

carboxylate-modified beads was studied (data not shown). The optimal amount of

glycans used for coupling to carboxylate-modified beads was also 5 nM.
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Fig. 18. Relationship between glycan binding to beads and glycan-coated bead-bead
aggregation. The binding efficiency of 200 kDa glycans from two different sponge species:
Microciona prolifera and Cliona celata to red and green amine-modified beads was determined (see
IV.6.1.). The moles of glycans bound to beads is given as compared to the initial moles of glycans
added to 4.5 x 10% amine beads for coupling. A, Homotypic aggregation between beads coated with
Microciona glycan and between beads coated with Cliona glycan. Pictures were taken with a
confocal microscope at 10x magnification. Yellow areas depict clumps of mixed red and green
beads. Red and green areas reflect clumps of separated beads. B, Graph indicating relationship
between the amount of glycans added and glycans bound to the beads.
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The aggregation experiments were designed to allow reaching almost identical
density of glycans on the bead surface as compared to glycan density on sponge cell
surface required for cell-cell aggregation. It has previously been reported that the
average amount of surface proteoglycans associated with each Microciona prolifera
cell in vivo is around 287000 molecules’. The number of 200 kDa glycan copies per
proteoglycan molecule was determined from the mass of total carbohydrate
recovered in 200 kDa glycan fractions either after gel electrophoresis or gel
filtration”*. Since 37% of the total carbohydrate content of the proteoglycan molecule
occurred in the form of 200 kDa glycan (~70% of the proteoglycan mass is
carbohydrate; proteoglycan M, = 2 x 107), one proteoglycan carries ~26 copies of
this glycan. Therefore, ~10°400 glycan molecules (400 proteoglycan molecules) per

cell cause living cells to aggregate.

In our studies, binding measurements indicated that ~2500 molecules of 200 kDa
glycan glycan molecules per amine- or carboxylate-modified bead were sufficient to
aggregate species-specifically glycan-coated beads. The number was calculated from
the specific absorbance of stained glycans after reversing the binding to beads and
Avogadro’s number, and was divided by the number of beads. Surface areas of the
cell and the bead were calculated from diameters, and they were 12.56 pm?” and 3.14
um?” accordingly. This led to the final assessment that the glycan density necessary
for specific glycan-coated bead (~810 molecules/um?) and for specific live cell (828

2 o . ..
molecules/um®) recognition is very similar.
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Calculations of the glycan density on the cell surface:
- 10400 glycan molecules required for cell-cell aggregation
- surface area of the cell is 12.56 pm® calculated from 4pi r*, where r = 1 um

- that makes 828.025 glycan molecules / pm®

Calculations of the glycan density on the bead surface:

- required glycan concentration for amine-modified bead-bead aggregation:

0.3845 x 10~ mg per 4.5 x 10° beads /4.5x 10°

- that gives 0.08544 x 10™"" mg per 1 bead /200 x 10°

- that gives 0.0004272 x 10" M per 1 bead x Avogadro’s number: 6.022 x 107
- that gives 0.002573 x 10° glycan molecules per 1 bead /3.14

(surface area of the bead is 3.14 um®, where r = 0.5 pm)

- that gives 819.426 glycan molecules / pm’

- required glycan concentration for carboxylate-modified bead-bead aggregation:

0.30034 x 10~ mg per 3.6 x 10° beads /3.6x10°

- that gives 0.083428 x 10" mg per 1 bead /200 x 10°

- that gives 0.00041714 x 10" M per 1 bead  x Avogadro’s number: 6.022 x 10”
- that gives 0.002512 x 10° molecules per 1 bead /3.14

(surface area of the bead is 3.14 um?, where r = 0.5 pm)

- that gives 800.001 glycan molecules / pm’
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V.2.3. CELL-GLYCAN AGGREGATION IS SPECIES-SPECIFIC

In a cell-glycan recognition assay, live cells were allowed to aggregate with different
200 kDa glycans coated on red amine-modified beads (1 pm in diameter) similar in
size to small sponge cells (2 pm in diameter). The same shear forces, i.e. rotor speed,

were provided as in cell-cell aggregation.

Cells specifically recognized beads coated with their own 200 kDa during
aggregation in the presence of physiological Ca** and formed homogeneous
aggregates (Fig. 194-C). Red Microciona prolifera cells (A), yellow Suberites fuscus
cells (B), and grey Halichondria panicea cells (C) formed mixed aggregates with

their own glycans coated on red beads.

In stark contrast, the same cells did not mix with beads coated with glycans from
different sponge species during aggregation in the presence of Ca** (Fig. 19D-F).
Microciona red cells separated from aggregates of red beads coated with
Halichondria glycan (D). Also Suberites yellow cells species-specifically sorted out
and formed their own aggregates separated from aggregates of red beads coated with
Microciona glycan (E). Finally, Halichondria grey cells did not mix but separated

from clumps of red beads coated with Cliona celata cells.

The species-specific cell-glycan aggregation occurred only in the presence of Ca®" in
artificial seawater (Fig. 19G-I). Pretreatment of Microciona prolifera cells with the
antibody directed against the carbohydrate epitope of the Microciona surface
proteoglycan inhibited the aggregation of these cells with beads coated with their
own glycan (Fig. 19J). Pretreatment of cells from other sponge species with the
antibody had no visible effect on the aggregation between these cells and their

glycans coated on beads (data not shown).
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Fig. 19. Species-specific recognition between live cells and glycans coated on red beads.
Rotation-mediated cell-%lycan recognition was monitored for 4 h in artificial seawater with
physiological 10 mM Ca“*. A, Homotypic aggregation between Microciona prolifera red cells and
their glycans on red beads. B, Homotypic aggregation between Suberites fuscus yellow cells and
their glycans on red beads. C, Homotypic aggregation between Halichondria panicea grey cells and
their glycans on red beads. D, Species-specific sorting between red (Microciona) cells and
Halichondria glycans on red beads. E, Species-specific sorting between yellow (Suberites) cells and
Microciona glycans on red beads. F, Species-specific sorting between grey (Halichondria) cells and
Cliona celata glycans on red beads. G, Inhibition of the homotypic aggregation between red
(Microciona) cells and their glycan on red beads in the absence of Ca®. H, Inhibition of the
homotypic aggregation between yellow (Suberites) cells and their glycan on red beads in the
absence of Ca®*. I, Inhibition of the homotypic aggregation between and (Halichondria) cells and
their glycan on red beads in the absence of Ca®*. J, Inhibition of the homotypic aggregation between
red (Microciona) cells and their glycan on red beads by the antibody directed against the
carbohydrate epitope of Microciona proteoglycan. Pictures were taken by phase-contrast
microscope at 10x magnification.
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V.2.4. GLYCAN-GLYCAN AGGREGATION IS SPECIES-
SPECIFIC

The glycan-coated bead-bead aggregation assay was designed to mimic the classical
assay for specific recognition between live sponge cells. Amine- and carboxylate
modified beads (1.0 um in diameter) of two different colors: red and green, were
coated with 200 kDa glycans derived from four different species of surface
proteoglycans. Aggregation was monitored for 4 h, under identical shear forces, i.e.
rotor speed, as provided for cell-cell and cell-glycan recognition assays (60 rpm), in

artificial seawater with physiological 10 mM Ca*".

When glycans from the same species were coated on red and green amine-modified
beads, they mixed and formed from 63% (Cliona) to 79% (Microciona) of yellow
aggregates, which are the result of intermingling of red and green (Fig. 20). In stark
contrast, beads coated with glycans derived from different species did separate into
red and green aggregates showing species-specific sorting. In this case yellow
aggregates, i.e. heterogeneous mixtures of glycans originating from different species,

never formed more than 12% of patches.

As in cell-cell and cell-glycan aggregation assays, the absence of Ca*"-ions inhibited
the specific glycan-glycan recognition. The antibody directed against the
carbohydrate epitope of the Microciona proteoglycan inhibited only the homotypic
interaction between Microciona glycans coated on red and green beads (Fig. 20).
There was no visible effect of the antibody on homotypic aggregations between

glycans from other than Microciona species coated on beads (data not shown).

Very similar results were obtained during aggregation between 200 kDa glycans
coated onto red and green carboxylate-modified beads. The glycan coupling
chemistry was different than this for coupling onto amine-modified beads (see

IV.6.), which allowed to test glycan-coated bead-bead recognition in different
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Red Beads
Green Beads

no calcium antibody

Fig. 20. Species-specific recognition between glycan-coated amine-modified beads. Red and
green glycan-coated amine-modified beads sorted out specifically during 4 h rotation-mediated
aggregation in seawater with physiological 10 mM Ca®* (see IV.7.). Yellow areas depict clumps of
mixed red and green beads coated with identical glycans. Red and green areas reflect clumps of
separated beads coated with different species of glycans. The colored numbers on the left side of
each picture represent the percentage of clumps of the respective color. The glycan-glycan
recognition could be inhibited by the absence of Ca®-ions. The antibody directed against the
carbohydrate epitope of Microciona prolifera proteoglycan inhibited homotypic aggregation between
Microciona glycans coated on red and green beads. Pictures were taken with a confocal microscope
at 10x magnification.

M — Microciona, H — Halichondria, S — Suberites, C - Cliona.
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Fig. 21. Species-specific recognition between glycan-coated carboxylate-modified beads.
Red and green glycan-coated carboxylate-modified beads sorted out specifically during 4 h rotation-
mediated aggregation in seawater with physiological 10 mM Ca®" (see IV.7.). Yellow areas depict
clumps of mixed red and green beads coated with identical glycans. Red and green areas reflect
clumps of separated beads coated with different glycans. The colored numbers on the left side of
each picture represent the percentage of clumps of the respective color. The glycan-glycan
recognition could be inhibited by the absence of Ca®*-ions. The antibody directed against the
carbohydrate epitope of Microciona proteoglycan inhibited homotypic aggregation between
Microciona glycans coated on red and green beads. Pictures were taken with a confocal microscope
at 10x magnification.

M — Microciona, H — Halichondria, S — Suberites, C - Cliona.
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system. Carboxylate-modified beads were the same size as the amine-modified beads

(1.0 um in diameter) and the same conditions for aggregation were provided.

Red and green carboxylate beads coated with 200 kDa glycans from the same
species mixed and formed from 74% (Halichondria) to 80% (Microciona and
Suberites) of homogenous yellow aggregates (Fig. 21). Combinations of beads
coated with 200 kDa glycans from different species specifically sorted out and
formed separate red and green aggregates. Heterogeneous mixtures of glycans
originating from different species never formed more than 13% of yellow clusters.
As previously, the absence of Ca**-ions inhibited the specific aggregation between
glycan-coated carboxylate-modified beads, and the antibody directed against the
carbohydrate epitope of the Microciona prolifera proteoglycan inhibited only the
homotypic aggregation between beads coated with Microciona 200 kDa glycan (Fig.
21).

There were two possible modes for the color distribution in the glycan-coated bead-
bead aggregation: either it was random or species-specific. Random distribution
applied to the homotypic glycan-coated bead-bead aggregation, i.e. between glycans
from the same species, and the color distribution in these homotypic aggregations
could be explained by statistics: the binomial coefficients and Pascal’s triangle (Fig.

22).

A binomial is a polynomial expression with two terms, such as (x +y). The terms in
Pascal’s triangle can be used to write the expansion of any binomial (x + y)". The
numbers in the rows of Pascal’s triangle are the same as the coefficients generated by
raising the binomial (x + y) to a power. Here, x represents one green bead (g), and y
represents one red bead (1), so it could be written (g + r)". n stands for the average
number of beads in each aggregate. For example, if there would be on the average 4
beads in each formed aggregate (n = 4) the expansion, according to the row nr 4 in
the Pascal’s triangle, would be as shown in Fig. 22:

(g+1)'=1g"+4g’r + 6" + 4gr’ + It".
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Results: glycan-glycan aggregation

It means that there would be one aggregate consisting of only green beads; one
aggregate consisting mostly of green beads with small number of red (seen in
overlap as orange); one aggregate consisting in half of green and red beads (seen in
overlap as yellow); one aggregate consisting mostly of red beads with small amount
of green (seen as orange); one aggregate consisting of only red beads. Accordingly,
the size of aggregates and color distribution will change with the n number. When n
number, i.e. average number of beads in aggregates, is low the size and number of
formed aggregates is low as well. It can be also predicted, how many mixed (seen as
yellow) and separated (seen as green and red) aggregates will be present. When n
number is high, more and bigger aggregates will be present. It can be also predicted
that more mixed (yellow) aggregates will form. Nevertheless, there will always be
some small red and green clusters present as explained by the distribution in Pascal’s

triangle.

The average number of amine beads in single aggregates (n number) in all
homotypic aggregations performed here, i.e. between Microciona glycans, between
Halichondria glycans, between Suberites glycans, and between Cliona glycans is
given in Fig. 22. It can be seen, that the highest n number was for homotypic
Microciona aggregates (6 x 10°) and the lowest n number was for Cliona aggregates
(1.5 x 10°). In summary, the biggest homotypic aggregates formed in glycan-coated
bead-bead aggregation (Fig. 20) were seen for beads coated with Microciona (M-M),
with the highest percentage of yellow clumps (79%). Moderate number of yellow
clumps was recorded for Halichondria (H-H) and Suberites (S-S) bead aggregates:
~70%, which were characterized by the same n number. Finally, the lowest number
of yellow aggregates: 63%, was observed for Cliona (C-C), characterized by the

lowest n number.
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{:'I+.]"
(g + rf

n

0

1 19 1o

2 19 28 18

3 198 38° 398 18°

4 188 488 8 18 18

5 13! 5!3 mgm!t 5!3 1!3
fg+ = 1g"+ 4o +Bard + g+ 16t

. Bx10° MM
49x10° H/H
49x10° S/ 8
15x10° c/c

Fig. 22. Pascal’s triangle for color distribution in the homotypic glycan-coated bead-bead
aggregation. Binomial expansion of the formula (g + r) rose to a power n. The numbers in the rows
of Pascal’s triangle refer to coefficients generated by raising the binomial (g + r) to a power. The
example of the expansion of binomial formula (g + r) when n = 4. Average numbers of single beads
(n) in homotypic glycan-coated bead aggregates are given. n, the average number of single beads
in aggregates. g, a green bead. r, a red bead. M — Microciona, H — Halichondria, S — Suberites, C -
Cliona.

Pascal’s triangle analysis of the color distribution in the heterotypic glycan-coated
bead-bead aggregation, i.e. between glycans from two different species, proved the
species-specific and not random character of the aggregation. Red and green beads
coated with glycans from two different species were species-specifically sorting out
into separate red and green aggregates. This aggregation did not simply apply to
statistics but depended on biological properties of sorting such as density of glycans
on a bead surface, shear forces and differences in the strength of the heterotypic vs.

homotypic glycan-glycan interactions.
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Results: calcium uptake

V.2.5. CALCIUM UPTAKE IN CELL-CELL AND GLYCAN-
GLYCAN AGGREGATION

Specific interactions between mechanically dissociated live sponge cells, surface
proteoglycans, and glycans are dependent on Ca*"-ions. Physiological concentration

of Ca*", i.e. 10 mM, has to be always added to initiate these specific interactions.

The calcium uptake in the homotypic aggregation between Microciona prolifera
cells and between Cliona celata cells was studied (Fig. 234). 10 mM CaCl, labeled
with Ca-45 was added to artificial seawater and cells were allowed to aggregate for
12 h (see IV.8.). The presence of Ca-45 left in the buffer was monitored to estimate
the quantity of calcium that went into cell aggregates and was involved in cell-cell
interactions. Microciona cells take Ca*"-ions from the artificial seawater buffer much
faster than Cliona cells (Fig. 234). ~ 70% of calcium went from the buffer into
Microciona cell aggregates within the first 30 min of aggregation process, while only
~40% of total calcium went into Cliona cell aggregates. At the end, after 4 h of
aggregation, ~90% of the total calcium went into Microciona cell aggregates. The
saturation point for aggregation between Cliona cells was reached after 6 h of the

process, and ~85% of the total added calcium went into Cliona cell aggregates.

Similarly, 10 mM CaCl, labeled with Ca-45 was added to artificial seawater to
initiate 12 h-aggregation between Microciona 200 kDa glycans and between Cliona
200 kDa glycans coated on beads. Monitoring of Ca-45 revealed that, as in cell-cell
aggregation, Microciona glycans take calcium from the buffer much faster than
Cliona glycans (Fig. 23B). Differences are even more distinct than those observed
during cell-cell aggregation. After 30 min of the aggregation process, almost half of
the calcium was involved in forming and stabilizing Microciona glycan aggregates,
whereas only ~20% of calcium was involved in forming Cliona glycan aggregates.
After 5 h of aggregation, the saturation point in Microciona bead-bead aggregation
was reached and ~80% of the total added calcium went from the buffer into

Microciona glycan aggregates. The saturation point for Cliona glycan-coated bead-
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bead aggregation was reached after 7 h, and ~75% of the total calcium went into

Cliona glycan aggregates.
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Fig. 23. Calcium uptake in cell-cell and glycan-glycan aggregation. Calcium uptake in 12h-
rotation mediated aggregation in artificial seawater with physiological 10 mM labeled calcium (see
IV.8.) A, Calcium uptake in homotypic Microciona-Microciona (B) and Cliona-Cliona (®) cell-cell
aggregation. B, Calcium uptake in homotypic Microciona-Microciona (M) and Cliona-Cliona (®)
glycan-coated bead-bead aggregation.



Results: binding to plastic surfaces

V. 3. ADHESION TO GLYCAN-COATED PLATES

V.3.1. BINDING TO PLASTIC SURFACES

Cell surface proteoglycans and purified 200 kDa glycans were used as a coat in
binding experiments to coated plates. Therefore, the ability of purified cell surface
proteoglycans and 200 kDa glycans to bind to a plastic surface of 96-well flat bottom
plates was tested. Proteoglycans and glycans from different sponge species adsorbed

on polystyrene wells without any derivatization (see IV.9.1.).

The ability of proteoglycans to adhere to polystyrene wells was rather high when
0.02-0.6 ng proteoglycans were added to wells, and it was between 60 and 80% (Fig.
244). The percentage of proteoglycans bound to a plastic surface dropped down to
22-45%, when more than 1.25 pg proteoglycans were added to wells. Cliona celata
proteoglycan showed the best ability to bind to plastic surfaces. Binding ability of
Microciona prolifera proteoglycan molecules was the worst, especially when the

amount of added proteoglycans was above 1.25 pg.

In experiments studying cell adhesion to proteoglycan-coated surfaces, the amount
of proteoglycans added as a coat to plastic wells was high enough to reach the final

amount in the range of 0.01-1 pg proteoglycans bound to plastic surfaces.

Adsorption of glycans on polystyrene wells is usually low, and the approximate
percentage of glycans bound to a plastic surface was 40-58% (Fig. 24B). These
values are lower than these for binding of proteoglycans to plastic surfaces.
Moreover, binding of glycans to a plastic surface was not dependent on the amount
of glycans added to wells of 96-well plates. There were also almost no differences in

binding abilities between different species of glycans.
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Results: binding to plastic surfaces

In all experiments studying glycan and cell adhesion to glycan-coated plates, the
concentration of glycans added as a coat to plastic wells was high enough to reach

the final amount in the range of 0.025-5 pg glycans bound to plastic surfaces.
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Fig. 24. Binding of proteoglycans and glycans to plastic surfaces. Isolated y proteoglycans and
glycans in artificial seawater were added to 96-well flat bottom polystyrene plastic plates for 2 h and
non-bound molecules were washed off with artificial seawater (see 1V.9.1.). A, Binding of
proteoglycan molecules to a plastic surface. B, Binding of 200 kDa glycan molecules to a plastic
surface. (M) Microciona, (A) Halichondria, (®) Suberites, (®) Cliona.
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Results: cell adhesion to proteoglycan-coated plates

V.3.2. ADHESION OF LIVE CELLS TO PROTEOGLYCAN -
COATED PLATES IS SPECIES-SPECIFIC

Surface proteoglycans from four different sponge species were coated on plastic
surfaces. Mechanically dissociated cells were added to wells and the ability and
specificity of live sponge cells to adhere to different surface proteoglycans coated
onto a solid phase was studied. Cells adhered strongly to their own surface
proteoglycans in the presence of physiological Ca®"-ions in artificial seawater (Fig.
25A4-D). The amount of cells that adhered specifically to their own proteoglycans
was the highest for Microciona prolifera, moderate for Halichondria panicea and

Suberites fuscus, and the lowest for Cliona celata.

Adhesion of cells to proteoglycans from other sponge species was reduced, i.e. it was
3-5 times lower. The difference between strong adhesion of cells to their own
proteoglycans and much reduced to proteoglycans from other species could be
clearly observed above 0.2 pg of surface-bound proteoglycans. Microciona cells,
along the best ability for homotypic binding to their own proteoglycans, were
characterized by the highest ability of heterotypical binding to surfaces coated with
proteoglycans from other species. Nevertheless, it was still 3 times lower than
binding to surfaces coated with their own proteoglycan. On the contrary, Cliona
cells, characterized by the lowest ability for homotypic binding to their own
proteoglycan, showed the best species-specific recognition and bound 5 times less to

surfaces coated with other species of proteoglycans.

The adhesion of sponge cells to surfaces coated with their own surface proteoglycans
was clearly dependent on the quantity of the proteoglycan coated and could be
abolished in the absence of Ca*'-ions in artificial seawater. The antibody directed
against the carbohydrate epitope of the Microciona surface proteoglycan almost
completely inhibited the adhesion of Microciona cells to their surface proteoglycans

(M-M) (Fig. 25E). Little cross-reactivity of the antibody'” could be detected and it
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Fig. 25. Adhesion of live cells to proteoglycan-coated plates. 2h-adhesion of live cells to 96-well
flat bottom polystyrene plastic plates coated with proteoglycans from different sponges in artificial
seawater with physiological 10 mM Ca®" (see IV.9.2.). A, Microciona, B, Halichondria, C, Suberites,
and D, Cliona cells adhered to Microciona (M), Halichondria (A), Suberites (®), and Cliona (®)
proteoglycans coated on a surface. ((,4,$,0) Binding of the respective cells to their glycans
coated on plates without the presence of Ca®". E, Effect of the antibody directed against the
carbohydrate epitope of Microciona proteoglycan on cell adhesion to proteoglycan-coated plates.
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Results: cell adhesion to glycan-coated plates

blocked 12% of the homotypic adhesion between Halichondria cells and their
surface proteoglycans (H-H). The antibody did not block homotypic adhesions
between Suberites (S-S) and Cliona (C-C) cells and their surface proteoglycans.

V.3.3. ADHESION OF LIVE CELLS TO GLYCAN-COATED
PLATES IS SPECIES-SPECIFIC

In the second cellular adhesion system, the adhesion of live cells to 200 kDa glycans
from four different surface proteoglycans coated onto plastic surfaces was
investigated. As in cell adhesion to the whole proteoglycan molecules coated onto a
solid phase, cells adhered specifically to surfaces coated with 200 kDa glycans from
their own surface proteoglycans (Fig. 264-D). The highest amount of cells that
adhered to surfaces coated with their own glycans was again for Microciona

prolifera cells, and the lowest for Cliona celata cells.

Heterotypic adhesion of cells to glycans from other sponge species was 2.5 to 5.5
times lower. The difference between strong adhesion of cells to their own glycans
and much lower to glycans from other species could be clearly observed above 0.5
ng of surface-bound glycans. As in binding to proteoglycan-coated surfaces,
Microciona cells showed the highest ability for cross-specific adhesion to glycans
from other species. However, Microciona cells still bound to surfaces coated with
glycans from other species 2.5 - 3 times less than to surfaces coated with their own
glycan. Cliona cells bound to glycans from other species 5.5 times less than to their

own, showing the highest ability for species-specific recognition of glycans.

Cell adhesion was dependent on the quantity of glycans coated, and could be
abolished in the absence of Ca’™-ions in artificial seawater. Pretreatment of
Microciona cells with the antibody directed against the carbohydrate epitope of their

surface proteoglycan inhibited 86% of these cells from adhesion to their own 200
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Fig. 26. Adhesion of live cells to glycan-coated plates. 2h-adhesion of live cells to 96-well flat
bottom polystyrene plastic plates coated with glycans from different proteoglycans in artificial
seawater with physiological 10 mM Ca®" (see IV.9.3.). A, Microciona, B, Halichondria, C, Suberites,
and D, Cliona cells adhered to Microciona (M), Halichondria (A), Suberites (®), and Cliona (®)
glycans coated on a surface. ((J,A,$,0) Binding of the respective cells to their glycans coated on
plates without the presence of Ca®". E, Effect of the antibody directed against the carbohydrate
epitope of Microciona proteoglycan on cell adhesion to glycan-coated plates.
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Results: cell adhesion to glycan-coated plates

kDa glycan (M-M) (Fig. 26FE). As previously, the antibody showed little cross-

108 and could reduce the adhesion between Halichondria cells and their

reactivity
glycans (H-H) by 23%, while not having an effect on other homotypic adhesions (S-

S, C-C).

V.3.4. ADHESION OF LIVE CELLS TO GLYCAN-COATED
PLATES PROMOTES CELL DIFFERENTIATION

Some sponge cells differentiate irreversibly, such as those committed to
reproduction, or specialized for secretory activity and skeleton production''*'".
Other cells retain differentiative capacity and can change their function. After the
primary differentiation in development, the reservoir of cells with the capacity for
later differentiations remains to establish the histological system characteristic of the
adult sponge. Mechanically dissociated sponge cells could reform functional sponge

organism by e.g. differentiation of archaeocyte cells, which can give rise to all cell

types of a mature sponge.

Mechanically dissociated Microciona prolifera cells were added to plates coated
with their own 200 kDa glycan and to plates not coated with any 200 kDa glycans. A
great enhancement of cell differentiation was observed in Microciona cells adhered
to glycan-coated plates (Fig. 274-C). After 60 h, the formation of spicule skeleton
was observed. Spicules are the most common type of a mineral skeleton''*. Their

primarily function is supporting and maintenance of the sponge structure.

In contrast, no cell differentiation and spicules formation could be observed when
Microciona cells were added to non-coated plates (Fig. 27D-F). No skeleton
formation could be seen after 60 h of cell adhesion to plastic surfaces not coated with
the glycan. Only after 84 h, cell differentiation slowly occurred and also the

formation of mineral skeleton in the form of spicules slowly started.
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coated plates

F

Fig. 27. Cell differentiation and formation of the spicule skeleton. Microciona prolifera cells
were added to plastic surfaces coated with their own 200 kDa glycans (A-C) and to non-coated
plastic surfaces (D-F) in artificial seawater with physiological 10 mM Ca®". A, Formation of spicules
after 60-h adhesion of Microciona cells to glycan-coated surface. B, Further differentiation of
Microciona cells after 84-h adhesion to glycan-coated surface. C, Differentiating Microciona cell with
formed spicules after 84-h adhesion. D, Microciona cells after 60-h adhesion to non-coated surface.
E, Slow differentiation and formation of spicules after 84-h adhesion. F, Microciona cells after 84h-
adhesion to non-coated surface. Pictures were taken by phase-contrast microscope at 32x
magnification for A, B, D, E, and at 40x magnification for C, F.
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Results: larval cell adhesion to glycan-coated plates

V.3.5. ADHESION OF LARVAL CELLS TO GLYCAN-COATED
PLATES IS SPECIES-SPECIFIC

Sometimes, after settlement and spreading of sponge larvae, highly species-specific
fusion of individual larvae can occur'"*. To mimic the natural behavior of larvae and
their ability to recognize and adhere to surface glycans, larval cells of Microciona
prolifera and Halichondria panicea were obtained (Fig. 28) and investigated for
binding to surfaces coated with 200 kDa glycans purified from proteoglycans from

cells of "mother sponges".

Larval cells specifically recognized and strongly adhered to their own surface
glycans (Fig. 294-B). The amount of Microciona larval cells that adhered to their
own glycan was higher than the amount of Halichondria cells that adhered to their
glycan. The binding of larval cells to 200 kDa glycans from other species was 3.5 - 6

times lower.

Adhesion of larval cells to surfaces coated with 200 kDa glycans was observed only
in the presence of Ca*"-ions. The antibody directed against the carbohydrate epitope
of Microciona surface proteoglycan blocked 84% of the adhesion of Microciona
larval cells to their 200 kDa glycan and reduced the adhesion of Halichondria cells
to their glycan by 16% (Fig. 29C).

Microciona prolifera larvae Halichondria panicea larvae
ot

Fig. 28. Pictures of larvae obtained from two different sponge species. Swimming larvae were
obtained as described in IV.1.
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Fig. 29. Adhesion of larval cells to glycan-coated plates. 2h-adhesion of larval cells to 96-well
flat bottom polystyrene plastic plates coated with glycans from mother sponges in artificial seawater
with physiological 10 mM ca® (see IV.9.3.). A, Microciona, B, Halichondria, C, Suberites, and D,
Cliona cells adhered to Microciona (M), Halichondria (A), Suberites (®), and Cliona (®) glycans
coated on a surface. ((J,A) Binding of the respective cells to their glycans coated on plates without
the presence of Ca®". E, Effect of the antibody directed against the carbohydrate epitope of
Microciona proteoglycan on cell adhesion to glycan-coated plates.
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Results: glycan-coated beads adhesion to glycan-coated plates

V.3.6. ADHESION OF GLYCAN-COATED BEADS TO
GLYCAN-COATED PLATES IS SPECIES-SPECIFIC

The behavior and aggregation of glycan-coated beads resembled the behavior and
aggregation of live sponge cells. The size of beads (I pm in diameter) is similar to
the size of small sponge cells (2 pm in diameter). Most importantly, the density of
200 kDa glycan molecules on the bead surface (810 molecules/um?) required for
glycan-coated bead-bead aggregation was almost identical to the density of 200 kDa
glycan molecules on cell surface (828 molecules/um?®) required for cell-cell
aggregation (see IV.2.2.). These allow quantitative comparisons between
experiments with adhesion of live cells and beads coated with 200 kDa glycans to

glycan-coated surfaces.

The same red amine-modified beads coated with different 200 kDa glycans as in the
cell-glycan aggregation (see IV.2.3.) were used to study glycan-coated beads
adhesion to glycan-coated plates. Glycan-coated beads adhered strongly to the
surface coated with the identical glycan as on beads (Fig. 30). There was almost no

adhesion to the surface coated with glycans different than these on beads.

As in all previous adhesion experiments, the species-specific adhesion of glycan-
coated beads to surfaces coated with glycans was strictly dependent on the presence
of physiological Ca**-ions in artificial seawater (10 mM). The carbohydrate epitope
of Microciona proteoglycan-directed antibody abolished the homotypic adhesion of
red beads coated with Microciona 200 kDa glycans to the surface coated with the
same glycan, while having no visible effect on homotypic adhesions of red beads

coated with other studied species of glycans.
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glycan-coated beads

S.
M

glycans coated on the surface

no calcium antibody

Fig. 30. Adhesion of glycan-coated beads to glycan-coated plates. 2h-adhesion of glycan-
coated red amine-modified beads to 96-well flat bottom polystyrene plastic plates coated with
glycans from different proteoglycans in artificial seawater with physiological 10 mM Ca** (see
IV.9.3.). The adhesion could be inhibited by the absence of Ca**-ions. The antibody directed against
the carbohydrate epitope of Microciona proteoglycan inhibited homotypic adhesion of Microciona
glycan-coated green beads to the surface coated with the same glycans. Pictures were taken with a
confocal microscope at 10x magnification. M — Microciona, H — Halichondria, S — Suberites, C -
Cliona.



Results: glycan adhesion to glycan-coated plates

V.3.7. ADHESION OF GLYCANS TO GLYCAN-COATED
PLATES IS SPECIES-SPECIFIC

Equal quantities of 200 kDa glycans purified from various surface proteoglycans
were added to 96-well plates pre-coated with different 200 kDa glycans, and left to

adhere for 2h in artificial seawater with physiological 10 mM Ca*".

200 kDa glycans adhered strongly, and in a dose-dependent manner, to identical
glycans coated on a solid phase (Fig. 314-D). The amount of glycans bound to
surfaces coated with the glycan from the same species was distributed exactly the
same as in the adhesion between matured cells and their surface glycans. The highest
amount of bound glycans was for homotypic binding between Microciona glycans,
moderate between Halichondria and Suberites glycans, and the lowest between

Cliona glycans.

Heterotypic adhesions between glycans from two different species were much
reduced. There was from 2.5 to 4.5 times less heterotypic adhesion between different
glycans when compared to homotypic adhesion between glycans from the same
species. Differences between high adhesion of glycans to the same glycans coated on
the surface and much lower adhesion to glycans from other species coated on the
surface could be clearly observed above 0.6 png of coated glycans. Similarly to
results from adhesion of live cells to glycan-coated plates, Microciona glycan
showed the highest ability for cross-specific adhesion to surfaces coated with
glycans from other species. However, Microciona glycan still bound to surfaces
coated with glycans from other species 2.5 times less than to surfaces coated with
another Microciona glycan. Cliona glycan showed the highest ability for species-
specific recognition and bound to surfaces coated with glycans from other species

4.5 times less than to surfaces coated with another Cliona glycan.
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Fig. 31. Adhesion of glycans to glycan-coated plates. 2h-adhesion of 200 kDa glycans to 96-well
flat bottom polystyrene plastic plates coated with glycans from different proteoglycans in artificial
seawater with physiological 10 mM Ca®" (see IV.9.3.). A, Microciona, B, Halichondria, C, Suberites,
and D, Cliona glycans adhere to Microciona (M), Halichondria (A), Suberites (®), and Cliona (®)
glycans coated on a surface. ((J,A,<,0) Binding of the respective glycans to the same glycans
coated on plates without the presence of Ca®. E, Effect of the antibody directed against the
carbohydrate epitope of Microciona proteoglycan on a glycan adhesion to glycan-coated plates.
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Results: AFM measurements of the glycan-glycan adhesion force

Adhesion occurred only in the presence of Ca**-ions. The antibody directed against
the carbohydrate epitope of Microciona proteoglycan blocked 93% of the homotypic
adhesion between Microciona glycans. The antibody showed little cross-reactivity
by blocking 12% of the homotypic adhesion between Halichondria glycan'®, while

having almost no effect on other homotypic interactions (Fig. 31E).

Vid. ATOMIC FORCE MICROSCOPY MEASUREMENTS OF
ADHESION FORCES BETWEEN SINGLE GLYCAN
MOLECULES

Atomic force microscopy (AFM) has the precision and sensitivity to study molecular
recognition under native conditions at the level of single events at forces down to the
piconewton (pN) range''®''7. 200 kDa glycan molecules from different sponge
species were coated on an AFM tip and a surface. Gold coated Si;Ny tips and gold
coated micas allowed covalent chemisorption of the naturally sulfated 200 kDa
glycans (Fig. 32). Intermolecular adhesion force measurements between single
glycan molecules were performed in artificial seawater with physiological 10 nM

2+
Ca™.

Vid.1. SINGLE CARBOHYDRATE-CARBOHYDRATE
ADHESION FORCE IS IN THE PICONEWTON RANGE

Figure 32 shows the AFM set up for measuring the forces between single 200 kDa
molecules. During retraction of the tip the glycan structure was lifted, stretched and
finally non-covalent bonds between two molecules were being broken one by one.
The existence of multiple non-covalent bonds between carbohydrates of glycan
molecules is suggested by the presence of multiple peaks on force curves, as
recorded in the presence of Ca®" (Fig. 32, line 3-9). Monitored cantilever deflection
was a direct measure for the forces between interacting glycan molecules. There was

no interaction measured during the surface approach. On retraction, the sensor tip
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Results: AFM measurements of the glycan-glycan adhesion force

detected strong multiple interactions between 200 kDa glycans from the same
species. The single non-covalent bond between two interacting glycan molecules
from the same species was ruptured at the forces between 190 (Cliona glycan-glycan

interaction) and 310 pN (Microciona glycan-glycan interaction) (Fig. 33 and 34).

There was no interaction recorded between gold-gold (Fig. 32, line I) or in the
absence of Ca*"-ions (line 2). Force measurements taken directly at the surface (<10
nm) were due to non-specific interactions between the cantilever tip and the
surface''®, e.g. the first peak in Fig 32, lines 3, 6, 8 and the first two in Fig. 32, line 5.
Only those measured at distances >10 nm from the surface were considered as a

direct binding force between interacting glycan molecules.
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Fig. 32. Scheme of AFM set-up for the measurement of the intermolecular forces between
glycan molecules. AFM measurements were performed in artificial seawater with physiological 10
mM Ca?* (see IV.10.). Examples of AFM force curves: line 1 and 2, control curves: (1) gold-gold and
(2) glycan-glycan interaction in seawater without Ca®*; lines 3, 5, 7, interaction curves between
glycans from the same species; lines 4, 6, 8, interaction curves between glycans from different

species. M - Microciona, H - Halichondria, S - Suberites, C - Cliona.
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Results: AFM measurements of the glycan-glycan adhesion force

Vid4.2. SINGLE CARBOHYDRATE-CARBOHYDRATE
INTERACTION IS SPECIES-SPECIFIC

The species-specific character of interactions between single glycans was
investigated by coating Microciona glycan on the mica and three other studied
sponge species, i.e. Halichondria, Suberites, and Cliona on AFM tips, and
measuring heterotypic interactions in artificial seawater with physiological 10 mM

N
Ca’".

In stark contrast to strong binding forces between identical glycans, clearly reduced
ones were recorded between glycans from different species (Fig. 33). The single
non-covalent bond between two interacting glycan molecules from two different
species was ruptured at the forces between 110 and 210 pN. Heterotypic interaction
between Cliona and Microciona glycans was the weakest measured interaction (110
pN). Heterotypic interactions between Halichondria and Microciona, and between

Suberites and Microciona were stronger and they were 220 and 210 pN respectively.

In a statistical analysis, the binding forces between glycans from the same species of
proteoglycans (Fig. 33 panelA) were always stronger than those between glycans
from different species of proteoglycans (Fig. 33 panelB). P values from the Mann-
Whitney test were calculated to study the difference between the strength of
homotypic vs. heterotypic interactions. The Mann-Whitney test, also called the rank
sum test, is a nonparametric test to compare two unpaired groups. P value is the key
result. If it is < 0.05, the difference between compared groups is not a coincidence,
and concludes that the populations have different medians. If it is < 0.01, the
difference between two groups is significant. Here, P values for the difference in
adhesion force between homotypic and heterotypic glycan-glycan interactions were

clearly below 0.01 and showed that the difference is statistically significant.
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Fig. 33. Quantitative evaluation of species-specific vs. non-specific adhesion forces between
glycan molecules. panel A, Adhesion force values of interactions between glycans from the same
species. panel B, Adhesion force values of interactions between glycans from two different species.
On the ordinate number of rupture events are provided normalized to 1.0 for the category of the
highest number of events. M - Microciona glycan, H - Halichondria glycan, S - Suberites glycan, C -

Cliona glycan.




Results: AFM measurements of the glycan-glycan adhesion force

V.4.3. SPECIES-SPECIFICITY OF THE CARBOHYDRATE-
CARBOHYDRATE INTERACTION IS REFLECTED IN THE
POLYVALENCE

The characteristic feature of the carbohydrate-carbohydrate interaction is the
repetition of interactive sites along the carbohydrate chain, which further increases
the strength of the interaction. The distance between the peak numbers 1 and 2 (2
and 3, etc) on AFM force curves was measured to produce a histogram of the peak

periodicity (Fig. 34).

60-70 % of force curves between glycans from the same species showed more than
one interaction peak (Fig. 34 panelA). It indicates a repetition of the binding motif
along the carbohydrate chain and therefore a polyvalent character of the interaction.
Most of AFM curves showed a distance between binding motifs of 10-20 nm. Only
in the case of Halichondria glycan was the distance between binding motifs 10-30

nm.

In contrast, less than 35% of force curves between glycans from different species
showed multiple interaction peaks, demonstrating the preference for one rather
unspecific binding event during the interaction (Fig. 34 panelB). The periodicity was
named 'single rupture peak' when there was only one interaction event on a force
curve. More than 50 % of force curves between glycans from different species, and
for Microciona-Cliona (M-C) up to 75 %, were 'single rupture peaks' indicating the
high presence of only one interaction site and, therefore, much less polyvalent

character of binding in comparison with homotypic interactions.

200 kDa glycan molecules have chain-like structures of an average folded length of
~40 nm as imaged by AFM”’, whereas the extended structure has a length of up to
180 nm’*'"®. The AFM sensor tip detected forces between single glycan molecules at
distances from O nm up to 130 nm above the surface. 75% of the total lengths of the

force curves for glycans from the same species were 20-50 nm, and in some cases
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Results: AFM measurements of the glycan-glycan adhesion force

the curves showed extensions up to 130 nm (Fig. 35 panelA). This indicates that the
interaction sites were located along the carbohydrate chain and not only at its end. In
stark contrast, 70% of the force curves for heterotypic mixtures of glycans from

different species showed total interaction lengths of 10-30 nm only (Fig. 35 panelB).
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Fig. 34. Periodicity measurements of distances between AFM rupture peaks. Periodicity
measurements indicate the distances between binding motifs on the carbohydrate chain of the
glycan molecule. panel A, Periodicity measurement between rupture peaks of AFM curves recorded
between interacting glycans from the same species. panel B, Periodicity measurement between
rupture peaks of AFM curves recorded between interacting glycans from two different species.
"Single rupture peaks" bar reflects the number of probe lift events where only one rupture event
could be registered. M - Microciona glycan, H - Halichondria glycan, S - Suberites glycan, C - Cliona
glycan.
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Fig. 35. The total length of the interacting carbohydrate chain. The total length of the interacting
carbohydrate chain of the glycan molecule is indicated by the length of the force curves measured
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interactions between glycans from the same species. panel B, The length of the carbohydrate chain
in heterotypic interactions between glycans from two different species. M - Microciona glycan, H -

Halichondria glycan, S - Suberites glycan, C - Cliona glycan.



Results: AFM measurements of the glycan-glycan adhesion force

Vid.4. CALCIUM ENHANCES THE STRENGTH OF THE
CARBOHYDRATE-CARBOHYDRATE INTERACTION

The role of Ca**-ions in carbohydrate-carbohydrate interactions was studied by
increasing the calcium concentration in artificial seawater from physiological 10 mM
to 100 mM during AFM measurements of the adhesion force between single
Microciona prolifera 200 kDa glycans. A non-covalent bond (one peak on the force
curve) between two interacting Microciona glycan molecules was ruptured at the
force of 310 pN when AFM measurements were performed in 10 mM Ca®" (Fig.
364). The adhesion force increased when the Ca>" concentration was increased from
10 to 100 mM. The adhesion force per binding site between two glycan molecules

went up to 375 pN (Fig. 36D).

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 indicating the repetition of binding
sites along the interacting carbohydrate chain of the glycan molecule (Fig. 36B). The
distance between binding motifs was 10-20 nm. In 10 mM Ca**, ~70% of force
curves showed multiple peaks (Fig. 36F). The distance between binding motifs did
not change. This had an effect on both the strength and the specificity of the glycan-

glycan interaction.

The total length of the interacting carbohydrate chain did not change with the
enhancement of Ca>" concentration. In both cases, the longest extensions of the
interacting carbohydrate chain were up to 120 nm (Fig. 36C,F). Most of the force
curves were mainly 20-50 nm long in 10 and 100 mM Ca*". However, appearance of
longer curves, i.e. longer carbohydrate chains, was more frequent for glycan-glycan
interaction in the presence of 100 mM Ca”" as compared to 10 mM Ca*". Up to 13%
of curves were above 80 nm long in 100 mM Ca*" when only ~3% of curves were

above 80 nm long in 10 mM Ca*".
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Fig. 36. Quantitative evaluations of interactions between single glycan molecules in
physiological 10 mM Ca** (A-C) vs. interactions in 100 mM Ca** (D-F). Examples of interaction
curves between Microciona prolifera glycans measured in artificial seawater with 10 and 100 mM
Ca®*. Adhesion force values for glycan-glycan interactions in A, 10 mM Ca®* and D, 100 mM Ca®".
Periodicity measurements of distances between rupture peaks in B, 10 mM Ca®* and E, 100 mM
Ca”*. The length of the carbohydrate chain in glycan-glycan interactions in C, 10 mM Ca** and E,
100 mM Ca**. M-Microciona prolifera glycan.
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Summary and discussion

VI. SUMMARY AND DISCUSSION

The importance of proteoglycans as key players in different physiological and

120,121

pathophysiological cellular events , especially in adhesive properties of cells

. . . . . 122.12
with regard to invasiveness of tumor cells and proliferation'**'*

, 1S now emerging.
Nevertheless, there is still little known about the carbohydrate moiety of the
proteoglycan molecule and its role in cellular interactions. Carbohydrates are the
most exposed structures on the cell surface'?*, but their role in cellular interactions'*
is still neglected. It is well established that many biologically important interactions
occur between proteins'>° and between proteins and carbohydrates'*’. For example,
the molecular structure of the carbohydrate-protein linkage region from connective
tissue proteoglycans has been characterized'”®. Direct carbohydrate-carbohydrate
interactions are in general considered as very weak due to weak association

24,82 : . . 12
%2 as compared for example to protein-carbohydrate interactions'*’, and

constant
therefore not able to provide required specificity for cellular recognition. However,
direct measurements of the forces between individual surface oligosaccharides of
proteoglycan molecules have not yet been performed. Moreover, possible species-
specificity of direct carbohydrate-carbohydrate interaction has never been

investigated in any biological system.

Therefore, the aim of this thesis was to:
- measure the strength of the interaction between single glycan molecules
isolated from cell surface proteoglycans,
- characterize the possible species-specific character of the glycan-glycan
interaction,
- study the role of the glycan-glycan interaction in cellular recognition and

adhesion events.

200 kDa glycans from core structures of cell surface proteoglycans from four

different sponge species were purified and interactions between glycan molecules

92



Summary and discussion

and its possible role in cell-cell recognition were investigated. Compared with
knowledge of other organisms, information on sponges has an extra added value
because sponges as a group are the oldest Metazoans alive, and contribute more to
our understanding of life on earth than similar knowledge of other animal groups'*’.
Sponges, as the earliest multicellular organisms, evolved by developing cell
recognition and adhesion processes. Remarkably, dissociated sponge cells from two
different species can reaggregate through surface proteoglycans by species-specific
associations that approach the selectivity of the evolutionarily advanced Ig
superfamily. 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.
This thesis presents the first comparative data on species-specificity and strength of
self-interactions between glycans derived from cell surface proteoglycans'®' (Table

6,7):

1. Adhesive forces between single glycan molecules are in the range of 200-300

pN and compare well with other biologically relevant forces,
2. Carbohydrate-carbohydrate interaction is species-specific,
3. Carbohydrate-carbohydrate interaction is polyvalent,

4. Ca®" probably reinforces the contact between the interacting oligosaccharides

of glycan molecules,

5. Adhesion of live cells to glycan-coated surfaces promotes cell differentiation

and formation of mineral skeleton.
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Table 6. A summary of
interactions.

experiments performed to detect and characterize cell-glycan

experiment type

conditions

results

aggregation of cells
with glycan-coated
amine-modified beads

mechanically dissociated live
sponge cells aggregate with
200 kDa glycans coated on red
amine-modified beads similar in
size to small cells; artificial
seawater with physiological 10
mM Ca2+; rotor speed 60 rpm;
4-h aggregation

species-specific aggregation;
separation of cell aggregates from
aggregates of beads coated with
glycans from different species;
mixing of cells and beads coated
with their own glycans

cell adhesion to glycan-
coated plates

equal quantities of live cells
from four different species
added to glycan-coated plates;
artificial seawater with
physiological 10 mM Ca**; 2-h
adhesion; non-adhered cells
washed off

species-specific adhesion of cells
to glycan-coated plates; strong
cell adhesion to surfaces coated
with their own glycan; greatly
reduced cell adhesion to surfaces
coated with glycans from other
species; greatly enhanced cell
differentiation and formation of
mineral skeleton in cells adhered
to their own glycans

larval cell adhesion to
glycan-coated plates

equal quantities of larval cells
from two different species
added to glycan-coated plates;
artificial seawater with
physiological 10 mM Ca®*; 2-h
adhesion; non-adhered cells
washed off

species-specific adhesion of
larval cells to glycan-coated
plates; strong larval cell adhesion
to surfaces coated with their own
glycan; greatly reduced larval cell
adhesion to surfaces coated with
glycans from other species
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Table 7. A summary of experiments performed to detect

interactions.

and characterize glycan-glycan

experiment type

conditions

results

aggregation of glycan-
coated amine-modified
beads

200 kDa glycans from four
different species coated on red
and green amine-modified beads
(1 um in diameter); artificial
seawater with physiological 10
mM Ca*"; rotor speed 60 rpm; 4-h
aggregation

species-specific aggregation;
separation of red and green
beads coated with two different
species of glycans; mixing of
red and green beads coated
with glycans from the same
species

aggregation of glycan-
coated carboxylate-
modified beads

200 kDa glycans from four
different species coated on red
and green carboxylate-modified
beads (1 ym in diameter); artificial
seawater with physiological 10
mM Ca”; rotor speed 60 rpm; 4-h
aggregation

species-specific aggregation;
separation of red and green
beads coated with two different
species of glycans; mixing of
red and green beads coated
with glycans from the same
species

glycan adhesion to
glycan-coated plates

equal quantities of 200 kDa
glycans from four different
species added to glycan-coated
plates; artificial seawater with
physiological 10 mM Ca?*; 2-h
adhesion; non-adhered glycans
washed off

species-specific adhesion of
glycans to glycan-coated
plates; strong glycan adhesion
to surfaces coated with the
same glycan; greatly reduced
glycan adhesion to surfaces
coated with glycans from other
species

AFM measurements of
adhesion forces
between two single
glycan molecules

covalent chemisorption of
naturally sulfated 200 kDa
glycans from four different
species to gold-coated AFM tip
and gold-coated mica; artificial
seawater with physiological 10
mM Ca®*

adhesion forces between
glycans from the same species
in the range of 190-310 pN;
reduced adhesion forces
between glycans from two
different species in the range of
110-210 pN; statistically
significant difference between
the same species of glycans vs.
different species of glycans
adhesion forces
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The examination of carbohydrate-carbohydrate interactions at the atomic level is
critical in understanding the nature of these interactions and their biological role.
Measured adhesive forces between identical glycans from surface proteoglycans
varied from 190 to 310 pN"' and they compare well with the range of other
biologically relevant forces measured with AFM. Forces between the entire
proteoglycan molecules vary from 50 to 400 pN, depending on the number of
binding sites ruptured'"”. Similar values are also reported for single protein-glycan
interactions when the interaction of P-selectin from leukocytes with its carbohydrate
ligand from endothelial cells was measured (165pN)"**'*, or for single antibody-

134,135
N .

antigen recognition with unbinding forces of 244 p Single molecule

AFM measurements were also used to characterize binding strength (unbinding

force) of a vascular endothelial (VE)-cadherin'*®

, which revealed relatively low
unbinding forces (35-55 pN). Unbinding forces increased with interaction time and
indicated association of cadherins into complexes with cumulative binding strength.
These observations favor a model by which weak binding strength and affinity of
cadherins require clustering and cytoskeletal immobilization for amplification. The
smallest value of adhesion force reported to date is the interaction force between
individual molecules of Le*-determinant, which is 20 pN'*’. The two latter examples
may support the opinion that carbohydrate-carbohydrate interactions are too weak to
manifest themselves in biologically relevant cellular recognition. However,
carbohydrate molecules offer multivalent presence of oligosaccharide chains on cell
surfaces, which can easily enhance weak binding forces to forces seen with
biologically relevant interactions, e.g. organization of GSLs as clusters on plasma

membrane'®!718,

The AFM measurements of the forces per binding site between single glycan
molecules originating from two different sponge species were performed to
quantitatively characterize species-specificity of the glycan-glycan interaction.
Adhesion forces measured between different glycans were lower than forces between
glycans from the same species, and the statistical significance of the difference was

confirmed by p values below 0.01. Moreover, homotypic carbohydrate-carbohydrate
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interactions between glycans of the same species showed polyvalent binding
characteristics with interaction sites located along the chain, while it was not favored
in heterotypic interactions between different glycans. Most of heterotypic
interactions arisen from the existence of only one binding site between two
molecules. On the contrary, homotypic interactions were created through at least
three separate binding sites between two glycan molecules. This involvement of
several binding sites located along the carbohydrate chain in the glycan-glycan
interaction offered an easy way to increase the overall adhesion force between two

interacting molecules.

The exact number of single rupture events recorded during AFM measurements of
forces between two interacting glycan molecules is difficult to define with certainty
since it cannot be excluded that a so called "single event" may be a composite of
more than one bond rupture. Nevertheless, since the overall lengths of the longest
AFM force curves (130 nm) match roughly the extended length of the glycan
molecule (160-180 nm)’*'", it can be assumed that single glycan molecule and not

multiple glycan molecule interactions were here measured.

Not only the adhesion force per binding site and the enhancement of the forces
through polyvalence can guarantee the specificity of carbohydrate-carbohydrate
interaction. Sugar sequences between glycans from different sponge surface
proteoglycans vary a lot. The carbohydrate composition (Fuc, GalN, GIcN, Gal, Man
and GlcA) was highly conserved between individuals of the same sponge species,
whereas large differences were seen between different species. Detailed structural
analyses of different sponge proteoglycans have revealed species-specific
structures'>*. This diversity 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 dimensional spatial relationships of the

sugars.
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Architectural and compositional differences between carbohydrate chains could even
be gradual, allowing cells test surrounding surfaces and first create weak random
contacts before releasing or reinforcing adhesion’. Therefore, interactions between
two different species of glycans could still be recorded in AFM measurements,
though of lower stability than these between two glycans from the same species. The
gradual adhesion was also seen in glycan-coated beads aggregation, where
heterotypic aggregates consisting of glycans from different species were present in
high number at the beginning of 4-h aggregation process. More time was required for
glycan-coated beads to species-specifically sort out according to their species of
origin and form homotypic aggregates consisting of beads coated with glycans from

the same species only.

Ca’"-ions or other divalent cations are crucial in carbohydrate-carbohydrate
interactions>*">'%*!*°_In species-specific cell-cell recognition in sponges only Ca*'-
ions are essential. No interaction between cells, cells and surface glycans, and
between surface glycans could be here observed in the absence of Ca**. Also no
adhesion forces between single glycan molecules could be detected during AFM
measurements. Ca”" probably reinforces the contact between the interacting
oligosaccharides of glycan molecules since an increase in Ca®" in the buffer led to an
increase in adhesion forces and in polyvalent interactions. Similarly, corneal
epithelial cell-cell adhesion through the Le* determinant is highly dependent on the

1% Also self-aggregation of Le* molecules in aqueous solution,

presence of Ca*"-ions
where the molecules move freely, occurs only in the presence of Ca*™-ions'"’.
However, it has been reported that the presence of Ca*'-ions did not contribute
significantly to the adhesion force in Le*-Le* interactions measured by AFM"’.
There is also no Ca*" in the Le* crystal'”. Therefore, it has been implied that Ca*" is
only responsible for the approach and organization of the carbohydrates in the cell
membrane. 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
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between specific hydroxy groups. Further experimental evidence is needed before

any of these proposals could be considered as a model.

Selective recognition of glycans by live cells confirmed the existence of
carbohydrate-carbohydrate recognition system in biologically relevant situations
(Table 6). The aggregation of live cells with glycan-coated beads imitated the ability
of sponge cells to species-specifically aggregate after mechanical dissociation to
finally reconstitute a functional sponge with canals, spicules (mineral skeleton), and

SOSLUAIS “tmportantly, only live cells that adhered to

collagen fibrils and fibres
surfaces coated with their own surface glycans showed an enhanced capacity for cell

differentiation and formation of spicules.

Glycan-coated bead-bead aggregation perfectly mimicked the species-specific cell-
cell aggregation. Glycan-coated beads sorted out specifically into aggregates
consisting of beads coated with the same glycan. In heterotypic aggregations
between Cliona glycans coated on red beads and any other species of glycans coated
on green beads (C-M, C-H, and C-S combinations in Fig 20 and 21), the percentage
of total red clumps (consisting of beads coated only with Cliona glycan) was always
very small as compared to the percentage of total green clumps (consisting of beads
coated with the glycan from another species: Microciona, Halichondria and
Suberites). After 4h of sorting out, only 15-20% of red aggregates were seen in all
heterotypic aggregations when there were 65-75% of green aggregates present. This
can be explained by differences in binding forces between glycans measured by
AFM. The stronger the binding force between glycan molecules, the lower the off
rate and the faster formation of bead aggregates. The binding forces between Cliona
glycans were the weakest among all measured (190 pN), while the binding forces
between Microciona glycans were the strongest of all (310 pN). The binding forces
between Halichondria and between Suberites glycans were 295 pN. Moreover, the
measurements of Ca>" that went from the buffer into glycan-coated bead aggregates
revealed that the Ca®" uptake was the slowest in homotypic Cliona-Cliona

aggregations as compared to homotypic aggregations between other species.
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Therefore, during heterotypic aggregations between Cliona glycan coated on red
beads and other three species glycans coated on green beads, most of the total Ca**
present in the buffer probably went first into aggregates formed by other species and

not enough Ca®" was left in the buffer to form Cliona aggregates.

Similarly, in homotypic glycan-coated bead-bead aggregations, aggregates formed
by beads coated with Cliona glycan (C-C in Fig. 20 and 21) were always much
smaller than aggregates formed by beads coated with glycans from other species (M-
M, H-H and S-S). The possible explanation could also lie in differences in binding
forces between different glycans measured by AFM. This would lead to lower off
rate and faster formation of glycan-coated bead aggregates for stronger glycan-
glycan interactions. Therefore, beads coated with Cliona glycan formed smaller
clusters than these formed, e.g. by Microciona glycan after 4h of aggregation

process.

Inhibition of sponge cell recognition and aggregation by species-specific
carbohydrate epitope antibodies as shown in previous studies’*'® do not prove
glycan-glycan interactions to be relevant but of course leave the option of glycan-
protein interactions. The same interpretation holds for two of the approaches
presented here: species-specificity for the glycan-coated bead aggregation with live
sponge cells (Fig. 19) and for matured and larval cells binding to glycan-coated
plastic surfaces (Fig. 26, 29). The specificity found here for glycan-coated bead
sorting (Fig. 20, 21), for glycan-glycan interaction (Fig. 31), and for the force and
specificity shown in the AFM measurements (Fig. 33) make, however, a role for

carbohydrate-carbohydrate in sponge cell recognition and adhesion likely.

The fact that the outermost cell surface is made up primarily of a dense layer of
hydrophilic glycans supports the notion that upon first contact between cells such
reversible and flexible glycan-glycan interactions may play a pivotal role in the early
steps of cellular recognition and adhesion processes'*', where strong single covalent

bonds'*’ would be counter productive, both at the molecular and the cellular level.
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Summary and discussion

Better methods for the synthesis and characterization of carbohydrates are creating
numerous opportunities for elucidation of the biological roles of these outermost cell
surface structures'*'. If carbohydrate-carbohydrate interactions may ensure adequate
cell behavior during the formation, maintenance, and pathogenesis of tissues a
thorough understanding of the chemical and molecular nature of specific
carbohydrate-carbohydrate recognition 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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Carbohydrate-carbohydrate interaction provides
adhesion force and specificity for cellular recognition

Iwona Bucior,"” Simon Scheuring,” Andreas Engel,” and Max M. Burger'”

"Friedrich Miescher Institute, 4058 Basel, Switzerland
*Marine Biological Laboratories, Woods Hole, MA 02543

*M.E. Miiller Institute for Microscopy, Biozentrum, University of Basel, 4056 Basel, Switzerland

mental evidence for cell-cell recognition in the animal

kingdom were assigned to marine sponge cell surface
proteoglycans. However, the question whether the specificity
resided in a protein or carbohydrate moiety could not yet be
resolved. Here, the strength and species specificity of cell—cell
recognition could be assigned to a direct carbohydrate—
carbohydrate interaction. Atomic force microscopy measure-
ments revealed equally strong adhesion forces between
glycan molecules (190-310 piconewtons) as between
proteins in antibody—antigen interactions (244 piconewtons).

The adhesion force and specificity in the first experi-

Quantitative measurements of adhesion forces between
glycans from identical species versus glycans from different
species confirmed the species specificity of the interaction.
Glycan-coated beads aggregated according to their species
of origin, i.e., the same way as live sponge cells did. Live
cells also demonstrated species selective binding to glycans
coated on surfaces. These findings confirm for the first time
the existence of relatively strong and species-specific
recognition between surface glycans, a process that may
have significant implications in cellular recognition.

Introduction

One of the fundamental features of a living cell is a prompt
and adequate behavior during formation, maintenance, and
pathogenesis of tissues. Short-term adhesion events, e.g.,
leukocyte recruitment (Robinson et al., 1999), development
of the nervous system (Stipp and Hemler, 2000), or microbial
pathogenesis (Feizi and Loveless, 1996) require reversible,
but still specific molecular surface interactions, rather than
tight and stable adhesions between stationary cells (Spillmann
and Burger, 1996). Carbohydrates, the most prominently
exposed structures on the surface of living cells, with flexible
chains and many potential binding sites are ideal to serve as
important players in these events. Molecular interactions
where carbohydrates are involved are usually considered as
weak interactions (Varki, 1994; Spillmann and Burger,
1996), and therefore, biological relevance of carbohydrate—
carbohydrate interactions is often questioned. Hakomori’s
group has been first to show glycosphingolipid self-interactions
to occur by way of Lewis* determinant (Gal1—4[Fucal—3]

Address correspondence to Max M. Burger, Novartis Science Board, Novartis
International AG, WKIL-125.13.02, CH-4002 Basel, Switzerland. Tel: 41-
61-696-7690. Fax: 41-61-696-7693. email: max.burger@group.novartis.com
S. Scheuring’s present address is Institut Curie, UMR-CNRS 168,
LRC-CEA 8, 11 rue Pierre et Marie Curie, 75231 Paris, Cedex 05, France.

Key words: cell—cell recognition; cell surface proteoglycan; carbohydrate—
carbohydrate interaction; species specificity; adhesion force
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GIcNAcB1—3GalB1—-4GlIcB) (Le®) to Le* carbohydrate-
dependent cell adhesion in the compaction of mouse embryo
(Eggens et al., 1989) and autoaggregation of human embryonal
carcinoma cells (Song et al., 1998). Extended studies revealed
specific cellular recognition between lymphoma and melanoma
cells based on gangliotriaosylceramide (GalNAc1—4Galp1—
4GlcB1—1Cer)-sialosyllactosylceramide (NeuAca2—
3GalB1—4GlcB1—1Cer) interaction, and sialosyllactosyl-
ceramide (NeuAca2—3Gal1—4Glc31—1Cer)-dependent
adhesion of melanoma cells, which led to spreading and
enhancement of cell motility (Kojima and Hakomori, 1989;
Iwabuchi et al., 1998).

The very first experimental demonstration of cellular
recognition and adhesion phenomena in the animal kingdom
came from an invertebrate system, i.e., from marine sponges
(Wilson, 1907), and was later assigned to cell surface proteo-
glycans (Humphreys, 1963). Dissociated sponge cells from
two different species have the capacity to reaggregate
through surface proteoglycans (Fernandez-Busquets and
Burger, 2003) in a Ca’*-rich environment (10 mM, i.e.,
physiologic for seawater) by sorting out according to their

Abbreviations used in this paper: AFM, atomic force microscopy; CSW,
Ca’*- and Mg”*-free artificial seawater buffered with 20 mM Tris, pH
7.4, supplemented with 2 mM CaCly; Le*, Lewis* determinant
(Galp1—4[Fucal—3]GlcNAcB1—3GalB1—4Glcf); pN, piconewtons.
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Figure 1.  Specific recognition between

live cells, and between cells and glycan- A
coated beads. (A) Homotypic aggregation
between Microciona prolifera red cells
during a 4-h rotation-mediated aggregation
in seawater with physiological Ca**.
(B) Species specific sorting out between
cells from two different sponge species
with red (Microciona prolifera) and yellow
(Suberites fuscus) natural pigment.

(C) Inhibition of the cell-cell aggregation
in the absence of Ca>*. (D) Inhibition

of the homotypic aggregation between
Microciona cells by the antibody directed

the same type
5 .

different types

against the carbohydrate epitope of Microciona proteoglycan. (E) Homotypic aggregation between yellow cells (Suberites) and their own surface
glycans coated on red beads during a 4-h rotation-mediated aggregation in seawater with physiological Ca**. (F) Species specific sorting out
between yellow cells and red beads carrying glycans from cells from another sponge species. (G) Inhibition of the cell-glycan aggregation in
the absence of Ca**. (H) Inhibition of the homotypic aggregation between red Microciona cells and their glycan coated on red beads by the
antibody directed against the carbohydrate epitope of Microciona proteoglycan.

species of origin, in the same way as dissociated embryonic
cells from two different vertebrate tissues sort out according
to their tissue of origin. Consequently, this simple and highly
specific cellular recognition phenomenon in sponges has
been used for almost a century as a model system to study
recognition and adhesion events in multicellular organisms.
Sponge cell—cell aggregation involves Ca**-independent bind-
ing of proteoglycans to a cell surface and Ca**-dependent
self-association of proteoglycans (Turner and Burger, 1973;
Jumblate et al., 1980). A monoclonal antibody raised against
the purified proteoglycan from Microciona prolifera sponge
inhibited the proteoglycan self-association and the epitopes
were identified as short carbohydrate units of the 200-kD
glycan (Misevic and Burger, 1993): a sulfated disaccharide
(Spillmann et al., 1995) and a pyruvylated trisaccharide
(Spillmann et al, 1993). Recently, Vliegenthart'’s group
could demonstrate self-interactions of the sulfated disaccha-
ride using surface plasmon resonance (Haseley et al., 2001).
However, species-specific interactions between 200-kD gly-
cans from different sponge species have not yet been demon-
strated in order to prove the existence of species-specific car-
bohydrate—carbohydrate recognition system.

200-kD glycan moieties from adhesion proteoglycans
from four different marine sponge species were purified here
and the species specificity of a glycan—glycan interaction was
investigated in aggregation and adhesion assays. Atomic
force microscopy (AFM) measurements were performed to
measure the binding strength between single interacting gly-
can molecules and to demonstrate quantitative differences in
binding forces between different species of 200-kD glycans.
Results confirm the concept of the relatively strong and spe-
cies-specific carbohydrate—carbohydrate interaction as an
important player in cellular recognition.

Results

Live cells specifically aggregate with glycan-coated beads
In the classical assay for specific cell-cell recognition, live
sponge cells can recognize their own kind and form big ho-
mogeneous aggregates on a shaker at the right shear forces,
i.e., rotor speed, as shown for red cells of Microciona prolifera
(Fig. 1 A). At too high rotation speed no cell aggregates are

formed because shear forces are too high. At too low rotation
speed unspecific, faulty initial contacts will remain because
such cells do not get a second or third chance to form higher
affinity adhesions with other cells. When cells from two dif-
ferent sponge species were shaken together in suspension
(red cells, Microciona prolifera; yellow cells, Suberites fuscus),
they sorted out into separate aggregates consisting of cells
from the same species only (Fig. 1 B), and no heterotypic
mixtures consisting of cells from different species would
form. Specific cellular recognition could be inhibited by the
absence of Ca*" ions (Fig. 1 C). Recognition between Mi-
crociona (red) cells could be inhibited by the antibody di-
rected against the carbohydrate epitope of the Microciona
proteoglycan (Fig. 1 D), and much smaller cell aggregates
could be seen as compared with aggregation in physiological
Ca*" (Fig. 1 A). There was no visible effect of the antibody
on homotypic interactions between cells from other species
(unpublished data).

In a cell-glycan recognition assay, live cells were allowed
to aggregate with glycan-coated red beads (1-pm diam) sim-
ilar in size to small sponge cells (2-pm diam), under the
same shear forces, i.e., rotor speed as for cell-cell aggrega-
tion. Yellow cells (Suberites) specifically recognized red beads
coated with their own glycans and formed large mixed ag-
gregates (Fig. 1 E). Yellow cells, however, did not mix but
separated from aggregates of red beads coated with glycans
from a different species, namely Microciona (Fig. 1 F). As in
cell—cell recognition, the absence of Ca®* ions (Fig. 1 G) in-
hibited the cell-glycan recognition. The antibody directed
against the carbohydrate epitope of Microciona proteoglycan
could only inhibit the homotypic interaction between red
Microciona cells and their glycans coated on red beads (Fig.
1 H). Aggregation between cells from other species and their
glycans coated on red beads could not be inhibited by that
antibody (unpublished data).

Aggregation of glycan-coated beads mimics
species-specific cellular aggregation

An assay for glycan—glycan recognition was designed, which
mimics the classical assay for specific aggregation of sponge
cells. Glycan-coated red and green beads the size of small
sponge cells were allowed to aggregate under identical shear
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Red Beads Figure 2. Specific recognition between
Green Beads  glycan-coated beads. Red and green
R /1 glycan-coated beads sorted out specifi-

cally during a 4-h rotation-mediated
aggregation in seawater with physiological
Ca’*. Yellow areas depict clumps of
mixed red and green beads coated with
identical glycans. Red and green areas
reflect clumps of separated beads coated
with different glycans. The colored
numbers on the left side of each picture
represent the percentage of clumps of
the respective color. The glycan—glycan
recognition could be inhibited by the
absence of Ca** ions. The antibody
directed against the carbohydrate
epitope of Microciona proteoglycan
inhibited homotypic aggregation between
Microciona glycans coated on red

and green beads. M, Microciona; H,
Halichondria; S, Suberites; C, Cliona.

forces, i.e., rotor speed as used for cell-cell recognition as-
says. Beads coated with glycans from identical proteoglycans
formed 63-79% yellow aggregates, which are the result of
intermingling of red and green beads (Fig. 2). In stark con-
trast, beads coated with glycans derived from proteoglycans
from different species did separate into red and green aggre-
gates. In this case yellow aggregates, i.e., heterotypic mix-
tures of glycans originating from different species, never
formed >12% of aggregated patches.

There were two possible modes for the color distribution
in the glycan-coated bead—bead aggregation: either it was
random or species specific. Random distribution, which can
be described by Pascal’s triangle (Pickover, 2001), applies to
the homotypic glycan-coated bead-bead aggregation, i.e.,
between glycans from the same species. In this case, red and
green beads coated with identical glycans were mixing in a
casual manner leading to a high number of yellow patches.
However, based on Pascal’s triangle analysis, the color distri-
bution in the heterotypic glycan-coated bead—bead aggrega-
tion, i.e., between glycans from two different species, was
not random but species specific. Red and green beads coated
with glycans from two different species were specifically
sorting out into separate red and green aggregates.

As in cell-cell and cell-glycan recognition, the absence of
Ca®" ions inhibited the glycan—glycan recognition. The an-
tibody directed against the carbohydrate epitope of the Mi-
crociona proteoglycan inhibited the homotypic interaction
between Microciona glycans coated on red and green beads.
There was no visible effect of the antibody on homotypic in-
teractions between other species glycans (unpublished data).
Results obtained with glycan-coated beads (Fig. 2) reflect
thus the same results obtained with live cells (Fig. 1, A-D).

It has been reported previously that 400 molecules of Mi-
crociona proteoglycan bound per cell cause live cells to aggre-
gate (Jumblate et al., 1980). The number of 200-kD glycan
copies per proteoglycan molecule was determined from the
mass of total carbohydrate recovered in 200-kD glycan frac-
tions either after gel electrophoresis or gel filtration (Misevic

and Burger, 1993). Because 37% of the total carbohydrate
content of the proteoglycan molecule occurred in the form
0f 200-kD glycan (~70% of the proteoglycan mass is carbo-
hydrate; proteoglycan M, = 2 X 107), one proteoglycan car-
ries ~~26 copies of this glycan. Therefore, ~10,400 glycan
molecules (400 proteoglycan molecules) per cell cause living
cells to aggregate. In our experiments, binding measure-
ments indicated that ~2,500 molecules of 200-kD glycan
per bead specifically aggregated glycan-coated beads. The
number was calculated from the specific absorbance of
stained glycans after reversing the binding to beads (which
gave the number of moles: 0.192 X 10™") and Avogadro’s
number, and was divided by the number of beads (4.5 X
10%). Surface areas of the cell and the bead were calculated
from diameters, and they were 12.56 wm” and 3.14 pm? ac-
cordingly. This led to the final assessment that the glycan
density per cell and per bead causing species-specific live cell
and glycan-coated bead recognition and aggregation is simi-
lar: 828 molecules/m” for cell—cell aggregation and 810
molecules/pm? for glycan-coated bead—bead aggregation.

Live cells and cell surface glycans adhere species
specifically to glycans coated on a plastic surface
The binding of live cells to glycans from their surface pro-
teoglycans coated onto a solid polystyrene phase was assessed
(Fig. 3, A-D). The binding to glycans from proteoglycans
from different species of origin was three to five times lower.
Cell adhesion showed clear dependence on the quantity of
the glycan coated, and could be abolished in the absence of
Ca*" ions. Pretreatment of Microciona cells with the anti-
body directed against the carbohydrate epitope of their sur-
face proteoglycan inhibited 86% of these cells from adhesion
to their own glycan (Fig. 3 E). In this assay, little cross-reac-
tivity of the antibody (Misevic et al., 1987) could be de-
tected because it blocked only 23% or less adhesion between
other cells and their 200-kD glycans.

Similarly to cell-glycan adhesion, 200-kD glycans ad-
hered strongly to surface-bound glycans from identical pro-
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Figure 3. Adhesion of live cells to glycan-coated plates.

(A) Microciona, (B) Halichondria, (C) Suberites, and (D) Cliona live
cells were incubated for 2 h in seawater with physiological Ca** in
96-well flat bottom polystyrene plastic plates coated with Microciona
(W), Halichondria (A), Suberites (), and Cliona (V) glycans isolated
from surface proteoglycans of mother sponges. ((J, A, <, V) Binding
of the respective cells to their glycans coated on plates without the
presence of Ca’". (E) Effect of the carbohydrate directed Microciona
proteoglycan antibody on cell adhesion to glycan-coated plates.
Error bars represent SD of four to six independent experiments.
M, Microciona; H, Halichondria; S, Suberites; C, Cliona.
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Figure 4. Adhesion of surface glycans to glycan-coated plates.
(A) Microciona, (B) Halichondria, (C) Suberites, and (D) Cliona glycans
were incubated for 2 h in seawater with physiological Ca®* in 96-well
flat bottom polystyrene plastic plates coated with various quantities
of Microciona (), Halichondria (A), Suberites (#), and Cliona (V)
glycans isolated from surface proteoglycans. (O, A, <, V) Binding
of the respective glycans to their glycan-coated plates in the absence
of Ca’*. (E) Effect of the carbohydrate directed Microciona proteo-
glycan antibody on glycan adhesion to glycan-coated plates.
Error bars represent SD of four to six independent experiments.
M, Microciona; H, Halichondria; S, Suberites; C, Cliona.

teoglycans in a dose-dependent manner (Fig. 4, A-D). The
adhesion to glycans from different species was 2.5-6 times
lower. This specific glycan—glycan adhesion could only be
observed in the presence of Ca** ions. The antibody against
the carbohydrate epitope of Microciona proteoglycan blocked
93% of the adhesion between its 200-kD glycans and pro-
duced little cross-reactivity (Misevic et al., 1987) by block-
ing 12% or less of the adhesion between glycans from other
proteoglycans (Fig. 4 E).

The glycan-glycan adhesion force is in the

piconewton range

Intermolecular adhesive force measurements between 200-
kD glycan molecules coated on a probe tip and a surface
(Fig. 5 A) were performed using AFM (Rief et al., 1997;
Alonso and Goldmann, 2003). Based on fluorescence imag-
ing with labeled glycans, no clustering of glycans was ob-
served either on the probe tip or the surface. During retrac-
tion of the tip the glycan structure was lifted, stretched and
finally noncovalent bonds between two molecules were be-

ing broken one by one. The existence of multiple noncova-
lent bonds between carbohydrates of glycan molecules is
suggested by the presence of multiple peaks on the force
curves, as recorded in the presence of Ca*t (Fig. 5 B, lines
3-8). There was no interaction recorded between gold—gold
(Fig. 5 B, line 1) or in the absence of Ca** (Fig. 5 B, line 2).
Force measurements taken directly at the surface (<10 nm)
were due to nonspecific interactions between the cantilever
tip and the surface (Carrion-Vazquez et al., 2000), e.g., the
first rupture peak in Fig. 5 B (lines 3, 5, and 8) and the first
two in Fig. 5 B (lines 4 and 7). Only those measured at dis-
tances >10 nm from the surface were considered as direct
interactions between glycan molecules. Strong multiple in-
teractions were observed between glycans from the same spe-
cies and noncovalent bonds between two interacting glycan
molecules of the same origin (one peak) were ruptured at the
forces between 190 and 310 piconewtons (pN; Fig. 6 A).
The strength of the attachment of 200-kD glycans through
S to the Au surface of the probe tip and the substrate is
much stronger: 1.4 nanonewtons (Grandbois et al., 1999).
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Figure 5.  AFM measurements of glycan-glycan binding forces.
(A) Scheme of AFM set up for the measurement of the intermolecular
forces between glycan molecules in seawater with physiological
Ca’". (B) Examples of AFM force curves. Lines 1 and 2 represent
control curves: (1) gold—gold interaction and (2) glycan—glycan
interaction in seawater without Ca**. Lines 3-6 represent curves

of interactions between glycans from the same species in seawater
with physiological Ca?*, whereas lines 7-9 represent curves of
interactions between different species of glycans. M, Microciona;
H, Halichondria; S, Suberites; C, Cliona.

Single glycan—glycan adhesion force is species specific
In stark contrast to strong binding forces between glycans
from the same species, clearly reduced forces were recorded
between glycans from different species (Fig. 6 A). The single
noncovalent bond between two interacting glycan molecules
from two different species was ruptured at the forces be-
tween 110 and 210 pN. In a statistical analysis, the binding
forces between glycans from the same species were always
stronger than those between glycans from different species.
P values for the difference in binding force between the two,

Carbohydrate self-recognition | Bucior etal. 533

Table I. Trace amino acid composition of 200-kD glycans

Microciona Halichondria Suberites Cliona
mol amino acid/mol glycan
Asp 0.9 0.7 0.8 0.5
Glu 0.4 0 0 0
Ser 0 0.1 0.2 0
His 0 0 0 0
Gly 0.3 0.3 0.5 0.3
Thr 0.2 0.1 0 0
Ala 0.3 0.2 0.3 0.3
Arg 0 0 0 0
Tyr 0 0 0 0
Val 0 0 0 0
Met 0 0 0 0
Phe 0 0 0 0
lle 0 0 0 0
Leu 0 0 0.1 0
Lys 0 0.1 0 0
Pro 0 0 0 0
Asn 0 0 0 0
Gln 0 0 0 0
Trp 0 0 0 0
Ca 0 0 0 0
Total 2.1 1.5 1.9 1.1

The values are the average from two determinations. Cys was ND.

calculated from Mann-Whitney test, were clearly below 0.01
and showed that the difference is statistically significant.

Specificity of the carbohydrate—carbohydrate
interaction is also reflected in the polyvalence

The characteristic feature of the glycan—glycan interaction is
the repetition of interactive sites along the glycan chain, which
further increases the strength of the interaction and thus the
specificity. The distance between the peak numbers 1 and 2 (2
and 3, etc.) on force curves was measured to produce a histo-
gram of the peak periodicity (Fig. 6 B). 80% of force curves
between glycans from the same species of cells showed more
than one interaction peak, with a distance between binding
motifs of ~20 nm. In contrast, <35% of force curves be-
tween glycans from different species of cells showed multiple
interaction peaks, demonstrating the preference for one rather
unspecific binding event during the interaction.

The glycan molecules used here have chain-like structures
of an average folded length of ~40 nm as imaged by AFM
(Jarchow et al., 2000), whereas the extended structure has a
length of up to 180 nm (Dammer et al., 1995). 75% of the
total lengths of the force curves for the same species glycans
were 20—50 nm, and in some cases the curves showed exten-
sions up to 130 nm (Fig. 6 C). This then indicates that the
interaction sites are located along the carbohydrate chain
and not only at its end. In contrast, 70% of the force curves
for glycans from two different species showed total interac-
tion lengths of 10-30 nm only.

Pronase digestion of glycans is essentially complete
Proteoglycan molecules were subjected to an extensive
pronase digestion in order to obtain protein-free glycans.
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Figure 6. A quantitative evaluation of species A
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The total 200-kD glycans were separated from free amino
acids and peptides by gel filtration and ion-exchange
chromatography (Misevic et al., 1987). The 200-kD
glycan has an apparent M, = 200 X 10° = 40 X 107,
and electrophoretic and chromatographic separation tech-
niques indicated that the glycan is a single molecular spe-
cies with possible charge and size microheterogeneities
(Misevic et al., 1987). There have been essentially no

losses of carbohydrates during the purification procedures
because the carbohydrate yield of the glycan fractions was
~97%. Amino acid analysis of glycans from the four
sponge species used showed that there was from 0.5
(Cliona celata) to 0.9 (Microciona prolifera) mole of linker
aspartate/mol of glycan (Table I). Only trace amounts of a
few other amino acids were detected. This indicates that
the digestion was complete and that the purification pro-
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cedure for the 200-kD glycans led to essentially pure gly-
can fractions, free of any protein contaminations.

Discussion

Virtually all animal cells produce proteoglycans, which vary
greatly in structure, expression, and functions (Kjellen and
Lindahl, 1991). Nevertheless, they do have a general propen-
sity to be ECM components and to mediate specific interac-
tions related to different aspects of cell adhesion phenomena
through their protein or carbohydrate portions (Truant et
al., 2003). In contrast to the rapid progress in studies of cell
recognition and adhesion through protein—protein or pro-
tein—carbohydrate interactions (Feizi, 2000; Hynes and
Zhao, 2000), the number and progress of studies on the pos-
sible role of carbohydrate—carbohydrate interactions in these
events is still very small. Cell recognition and adhesion pro-
cesses controlling the remarkable ability of sponge cells to
species specifically aggregate after mechanical dissociation to
finally reconstitute a functional sponge with canals, mineral
skeleton, and collagen fibrils and fibers (Wilson, 1907; Galt-
soff, 1925) is mediated by proteoglycans and this function
may reside in the glycan portion. Data presented here signif-
icantly broaden the current views on the role of carbohy-
drates in cellular recognition by a novel demonstration of the
species-specific character of the glycan—glycan interaction
based on relatively strong single binding forces in the range
of several hundred pN, providing an adequate affinity and
avidity to mediate specific cell—cell recognition.

The examination of carbohydrate—carbohydrate interac-
tions at the atomic level is critical in understanding the na-
ture of these interactions and their biological role. Measured
adhesive forces between identical glycans (190-310 pN)
compare well with the range of forces between the entire
proteoglycan molecules, which vary from 50 to 400 pN, de-
pending on the number of binding sites ruptured (Dammer
et al., 1995; Popescu et al., 2003). Similar values are also re-
ported for other biologically relevant forces, e.g., for single
protein—glycan interactions (Fritz et al., 1998; Hanley et al.,
2003), when interaction of P-selectin from leukocytes with
its carbohydrate ligand from endothelial cells was measured
(165 pN), or for single antibody—antigen recognition (Hin-
terdorfer et al., 1996; Saleh and Sohn, 2003) with rupture
forces of 244 pN. The force spectra shown in Fig. 5 exhibit
the general shape anticipated for simple entropic polymers
that extend until the carbohydrate—carbohydrate interaction
ruptures. Considering molecular compliance it should be
noted that the rupture forces measured here are below those
inducing the chair-boat transition, which could have inter-
fered with the interpretation of the results.

The density of glycans on the AFM probe tip and the sub-
strate was adjusted to meet the expectation that the surface
layers are neither multilayered nor clustered, and therefore,
direct glycan—glycan interactions were measured. The exact
number of single rupture events between two interacting
glycan molecules is difficult to define with certainty because
it cannot be excluded that a so-called “single event” may be a
composite of more than one bond rupture. Nevertheless, be-
cause the statistical analysis of pull-off distances show that
the overall lengths of force curves (from 20 nm up to 130
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nm) are less than the expected extended length of the glycan
(160-180 nm), it can be assumed that single glycan mole-
cule and not multiple glycan molecule interactions were
measured here.

The specificity of glycan-mediated recognition is guaran-
teed both by the higher adhesion forces per binding site as
well as by the higher amount of polyvalent interactions be-
tween glycans from the same species versus glycans from dif-
ferent species. The repetition of the binding motif along the
carbohydrate chain ensures sufficient binding strength to
function in vivo. Polyvalence can be controlled by various
means: e.g., by surface density of presented structures, ionic
strength modulating attractive versus repulsive forces, subtle
changes in biosynthesis of the carbohydrate sequences, etc.
These allow changing the affinity of the interactive mole-
cules and therefore, creating a highly flexible and specific
model of recognition system. The model assumes gradual
adhesion during initial contact between two different cells or
cell and matrix by allowing cells to test surrounding surfaces
and first create weak random contacts before releasing or re-
inforcing adhesion (Burger, 1979). Therefore, interactions
between two different species of glycans could still be re-
corded in AFM measurements, though of lower stability
than these between glycans from the same species. Similarly,
some amount of heterotypic aggregates consisting of differ-
ent species of glycans was present in glycan-coated bead ag-
gregation experiments.

Ca*" ions or other divalent cations are crucial in carbohy-
drate—carbohydrate interactions. Here, the presence of Ca**
ions was essential. No interaction between cells, cells and
surface glycans, and between surface glycans could be ob-
served in the absence of Ca®>". Also no adhesion forces be-
tween single glycan molecules could be detected during
AFM measurements. However, it has been reported that the
presence of Ca*" ions did not contribute significantly to the
adhesion force in Le*~Le* interaction (Tromas et al., 2001).
On the other hand, self-aggregation of Le* molecules in
aqueous solution, where the molecules move freely, occurred
only in the presence of Ca*" ions (de la Fuente et al., 2001).
On the molecular level, Ca** ions probably provide coordi-
nating forces (Haseley et al., 2001), though ionic forces can-
not be excluded. These Ca®* interactions are thought to sta-
bilize conformations and can thereby lead to hydrogen
bonds and hydrophobic interactions elsewhere in the glycan
molecule (Spillmann and Burger, 1996). Further studies are
required to resolve the exact role of Ca** and other divalent
cations in carbohydrate—carbohydrate interactions.

Inhibition of sponge cell recognition and aggregation by
species-specific carbohydrate epitope antibodies as shown
earlier (Misevic et al., 1987; Misevic and Burger, 1993) do
not prove glycan—glycan interactions to be relevant because
they leave the option of glycan—protein interactions open.
The same interpretation holds for two of the approaches
presented here: species specificity for the glycan-coated bead
interaction with live sponge cells (Fig. 1, E-H) and for the
live cells binding to glycan-coated plastic surfaces (Fig. 3).
The specificity found here for glycan—glycan interaction
(Fig. 4), for glycan-coated bead sorting (Fig. 2), and the
force and specificity shown in the AFM measurements (Fig.
6) make, however, a role for carbohydrate—carbohydrate in
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sponge cell recognition and adhesion likely. The fact that
the outermost cell surface is made up primarily of a dense
layer of hydrophilic glycans supports the notion that upon
first contact between cells such reversible and flexible gly-
can—glycan interactions may play a pivotal role in cell recog-
nition processes.

Materials and methods

Sponges, live cells, cell surface proteoglycans, and glycans
Sponges, i.e., Microciona prolifera, Halichondria panicea, Suberites fuscus,
and Cliona celata were collected by the Marine Biological Laboratory Ma-
rine Resources Dept. Live sponge cells were isolated as described previ-
ously (Misevic et al., 1987). Isolation of cell surface proteoglycans and
pronase digestion of the core protein 200-kD glycans were performed as
described previously (Misevic et al., 1987).

Analytical methods

For amino acid analyses, dry glycan samples were diluted in 1-ml of ultra
pure water and the aliquots of 25 pl were lyophilized and hydrolyzed dur-
ing 24 h. After hydrolysis, the black residues were suspended in 100 pl of
50 mM HCI containing 50 pmol/ul Sar and Nva each while ultrasonicated
for 15 min. After a 15-min centrifugation, the transparent solutions were
transferred into new reagent tubes and analyzed on a Hewlett-Packard
AminoQuant Il analyzer.

Aggregation assay

4.5 X 10° freshly sonified amine-modified beads (1-pm diam; Molecular
Probes) were coupled with isolated glycans (1.5 mg/ml) by incubation in
Ca**- and Mg?*-free artificial seawater buffered with 20 mM Tris, pH 7.4,
supplemented with 2 mM CaCl, (CSW), and 2 mg of 5,5’-dithiobis-(2-nitro-
benzoic acid) (Molecular Probes) overnight at RT. Coupling efficiency was
determined by measuring the glycan concentration (by staining with 1%
Toluidine blue) on the beads after reversing the 5,5'-dithiobis-(2-nitroben-
zoic acid) cross-linking with the disulfide-reducing agent DTT. The num-
ber of 200-kD glycan molecules bound per bead was calculated from the
specific absorbance of stained glycans, which gave the number of moles
(0.192 x 10~"") multiplied by Avogadro’s number (6.022 X 10%%), and was
divided by the number of beads (4.5 X 10%).

9 X 10° glycan-coated beads in 400 wl of CSW were allowed to aggre-
gate with cells or other glycan-coated beads on a rotary shaker at 60 rpm
for 4 h after the addition of 10 mM CaCl,. Images of aggregates were ac-
quired with a confocal laser-scanning microscope (Leica) equipped with
an argon/krypton laser and a 10X objective (PL Fluotar, N.A. 0.3). Image
processing was performed using Adobe Photoshop version 6.0. Quantifi-
cations were performed using UTHSCSA Image Tool version 2.00 Alpha.

Binding of cells and glycans to glycan-coated plates

Solutions of 200-kD glycans in CSW were placed in each well of a 96-well
plastic plate (Falcon; 0.3 ml/well vol). After 2 h, each well was washed
with CSW, 100 pl of glycans in 0.1 mg/ml CSW were added and incu-
bated for 2 h at RT, after addition of 10 mM CaCl,. Afterwards, nonbound
glycans were washed off with CSW containing 10 mM CaCl,. Bound gly-
cans were stained with 1% Toluidine blue and absorbance was measured
at 630 nm. The absorbance of glycans used as a coat was deducted from
the total absorbance measured after the addition of glycans to coated wells
to give the absorbance of bound glycans.

100 pl of live cells (5 X 10%) in CSW were added to each glycan-coated
well, supplemented with 200 wl of CSW containing 10 mM CacCl, and in-
cubated for 2 h at RT. Afterwards, plates were immersed in CSW with 10
mM CaCl, in a large container, suspended upside down for 10 min with
gentle shaking to allow nonadherent cells to sediment out of plates. Bound
cells were lysed for 10 min in 2 M NaCl, 20 mM Tris-HCI, pH 7.5. 200 ng
Hoechst stain in 20 mM Tris-HCI, pH 7.5, was added to cell lysates and
the fluorescence was measured at Aoy = 360 nm and \¢, = 450 nm.

AFM

Force measurements were performed with a commercial Nanoscope Il
AFM (Digital Instruments) equipped with a 162-pum scanner (J-scanner) and
oxide-sharpened Si;N, cantilevers with a thickness of 400 nm and a length
of 100 pm. Cantilever spring constants k measured according to Chon et al.
(2000) for a series of cantilevers from the same region of the wafer revealed
on average k = 0.085 N/m and SD = 0.002 N/m. We observed a variation

of <15% for k values from different cantilever batches. However, all mea-
surements were done with cantilevers from the same batch.

AFM supports were built as described previously (Mdiller et al., 1999).
The mica was cleaved using scotch tape, masked using a plastic ring mask
with an inner diameter of 5 mm, and brought into the vacuum chamber of
the gold sputter coater (Bal-Tec SCD 050). A vacuum of 107 mbar was
generated and interspersed by rinsing the chamber with argon gas. At the
pressure of 5 X 107 mbar a 20-nm gold layer was deposited on the mica
surface and the tip controlled by a quartz thickness and deposition rate
monitor (Bal-Tec QSG 050). Gold coated Si;N, tips and micas allowed co-
valent chemisorptions of the naturally sulfated carbohydrates. Both the
support and the tip were overlaid with CSW containing 10 mM CacCl, and
the gold-gold interaction was measured. Afterwards, the support and the
tip were incubated with isolated glycans (1 mg/ml) for 15 min at RT. Non-
bound glycans were washed off with CSW, and glycan-glycan force mea-
surements were performed in CSW containing 10 mM CaCl,. For each
measurement, a new tip was coated with 200-kD glycan and a new Au
substrate was prepared. The AFM stylus approached and retracted from the
surface ~100 times with a speed of 200 nm/s. The tip was moved laterally
by 50 nm after recording five force-distance curves.

Surface clustering of 200-kD glycans was determined by fluorescence
imaging. Glycans were labeled through their amino groups of the amino
acid portion with 5(6)-carboxyfluorescein-N-hydroxysuccinimidester (Boeh-
ringer). Labeled glycans were separated from free labeling substance via a
P-6 sizing column (Amersham Biosciences) in 100 mM pyridine-acetate
buffer, pH 5.0.
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Abstract

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

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 parallel
to improvements in methods for their separation and analysis and the biological functions of
these compounds are now being defined. It is well established that signaling and recognition
involve protein-protein and/or carbohydrate-protein interactions. 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 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
composition of glycolipids at the cell surface is strongly correlated with embryonic cell
developmental stages and can serve 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 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

.. . . . . 2+ . ..
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 animal cells. Despite their structural and functional diversity [13],
proteoglycans have a general propensity to be extracellular matrix components, mediating
specific matrix interactions and biological activities related to cell adhesion [14] via their

carbohydrate chains or core proteins. However, it could not be resolved until recently
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whether the specificity 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 surface proteoglycan [15] of invertebrates, i.e. from the
marine sponge model system [16]. Sponges are the simplest and earliest multicellular
organisms. Remarkably, dissociated sponge cells from two different species can reaggregate
through surface proteoglycans by species-specific associations that approach the selectivity of
the evolutionarily advanced Ig superfamily. 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 functionally distinct
domains: 1) a Ca**-independent cell-binding domain 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 molecular weights ranging from 2 x 10* kDa [20] to 1.4 x10°
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 glycan molecules: one
with a mass of 6.3 kDa present in the arms of the proteoglycan molecule that binds to a cell
surface receptor independently of Ca®" ions [23], and one with a mass of ~200 kDa and
present in the core structure that self associates in a Ca2+—dependent manner [24].
Carbohydrate moiety participation in the adhesion process was anticipated after it was found
that glycosidase treatment [25] and periodate oxidation [26] destroyed the aggregation

activity of proteoglycan molecules. Glass aminopropyl beads coated with protein-free 200-
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kDa glycan showed a Ca*"-dependent aggregation equivalent 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 Microciona [29]. The results showed self-
recognition of the sulfated disaccharide and this event was proposed as a major force behind
Ca’"-dependent cell-cell recognition. Nevertheless, the biological relevance, i.e. the species-
specific character of interactions 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 functional 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 important players initiating the first contacts between cells through flexible but

nevertheless specific carbohydrate-carbohydrate chain interactions.



Bucior et al.: Materials and Methods

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 Laboratory 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 described [24,30]. Only freshly prepared cells and glycans were used for all

experiments and analyses.

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 column was equilibrated with 16 mM NaOH and
eluted with linear gradients of 16 mM NaOH to 0.1 M NaOH/50mM 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 factors 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 pl of 50 mM HCI
containing 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 proteoglycans, 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.
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Aggregation assays

Freshly sonicated fluorescent carboxylate-modified beads (3.6 x 10%) (Molecular Probes, 1
um diameter) were incubated overnight at room temperature, pH 6.0, with 200-kDa glycans
(1.5 mg/ml) in Ca®"- and Mg*'-free artificial seawater buffered with 20 mM Tris pH 7.4
supplemented with 2 mM CaCl, (CSW), 3 mg water-soluble 1-ethyl-3-(3
dimethylaminopropyl) carbodiimide (EDAC, Molecular Probes), and 1 mg N-
hydroxysulfosuccinimide (Molecular Probes). Coupling efficiency 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*)
and the number of beads (3.6 x 10%).

Glycan-coated red amine-modified beads (9 x 10° ) [3] in 400 pl of CSW were
allowed to aggregate with cells, and glycan-coated carboxylate-modified beads (3.6 x 10%) in
400 pl 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 CacCl,. Images of
aggregates were acquired with a confocal laser-scanning microscope (Leica Lasertechnik,
Heidelberg, Germany) equipped with an argon/krypton laser and a x10 objective (PL Fluotar,
N.A. 0.3). Image processing was performed using Adobe Photoshop version 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 ul
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 pl 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 2 M 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 A,=360 nm and

Aem=450 nm. Glycans (100 ul) in CSW (0.1 mg/ml) were added to glycan-coated plates and
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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 commercial Nanoscope III AFM
(from Digital Instruments, Santa Barbara, Calif., USA) equipped with a 162-um scanner (J-

scanner) and oxide-sharpened Si3N4 cantilevers with a thickness of 400 nm and a length of

100 pm. 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 mbar controlled by a quartz thickness and deposition rate monitor (Bal-

Tec QSG 050).

Gold coated Si3Ny 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
approximately 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 glycans labeled at the amino groups of the amino acid

portion with 5(6)-carboxyfluorescein-N-hydroxysuccinimidester (Boehringer Mannheim).
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Results

Species-specific aggregation between live cells and between cells and cell surface glycan

coated on beads

Mechanically dissociated sponge cells sort out and reaggregate 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 aggregates 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
homogenous aggregates (Fig. 1A). However, cells from two different species sorted out into
separate aggregates consisting only of cells from the same species (Fig. 1B). This specific
cell-cell recognition was drastically reduced in the absence of Ca®" in the artificial secawater
(Fig. 1C). A monoclonal antibody directed against the carbohydrate epitope of Microciona

cell surface proteoglycan reduced the aggregation of Microciona cells only (Fig. 1D).

Red beads similar in size to small sponge cells were coated with 200-kDa glycans
isolated from the core structures of different 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 (Fig. 1E). However, they
did not mix but formed separate aggregates with beads coated with glycans from different
species (Fig. 1F). The absence of Ca®" reduced this species-specific cell-glycan recognition
(Fig. 1G). The monoclonal antibody against the carbohydrate epitope of Microciona
proteoglycan reduced only the recognition between Microciona cells and beads coated with

their glycan (Fig. 1H).
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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 intermingling of red and green beads (Fig. 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 originating
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
(Fig. 2). The monoclonal antibody against the carbohydrate epitope of the Microciona
proteoglycan inhibited only the homotypic interaction between Microciona glycans coated on

red and green beads (Fig. 2).

It has been reported previously that 400 molecules of Microciona proteoglycan bound
per cell caused live cells to aggregate [26]. As one proteoglycan carries ~26 copies of 200-
kDa glycan, ~10°400 glycan molecules per cell cause living cells to aggregate. In our studies,
binding measurements indicated that ~2500 molecules of 200-kDa glycan per bead
specifically aggregated glycan-coated carboxylate-modified beads. This was calculated from
the number of moles and Avogadro’s number, divided by the number of beads (see Materials
and Methods). 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
aggregation are similar: 828 molecules/um?” for cell-cell aggregation and 800 molecules/pm?

for glycan-coated bead-bead aggregation.

10
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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 dissociated 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 physiological 10 mM Ca®'-ions in artificial seawater. The binding of cells to
glycans from different species of proteoglycans was 4- to 4.5-fold lower (Fig. 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 directed against the carbohydrate epitope of Microciona
proteoglycan inhibited homotypic interactions between Microciona cells and their own
glycan coated on the surface (Fig. 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 structures 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 (Fig.
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 proteoglycan inhibited only homotypic Microciona glycan-glycan
adhesion (Fig. 3D). The antibody blocked only 6% of the homotypic glycan-glycan adhesion

between other sponge species.

11
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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 different sponge species (Fig. 4A)
[3]. There were no multilayers or clusters of glycans on the tip or the surface. Intermolecular
adhesion force measurements between single glycan molecules were performed in artificial
seawater with physiological 10 mM Ca*". During retraction of the tip, the glycan structure
was lifted and stretched and non-covalent bonds between two molecules were eventually
broken one by one. The existence of multiple non-covalent bonds between carbohydrates of
glycan molecules was suggested by the presence of multiple peaks on force curves, as

recorded in the presence of Ca®* (Fig. 4B, line 3).

Monitored cantilever deflection is a direct measure of the forces between interacting
glycan molecules. No interaction was recorded between gold-gold (Fig. 4B, line 1), in the
absence of Ca”" (line 2) or during the surface approach. On retraction, the sensor tip detected
strong multiple interactions between 200-kDa glycans from the same species (Fig. 4B, line
3). Clearly reduced interactions were detected between glycans from two different species
(Fig. 4B, line 4). Binding forces between glycans from the same species were on average 275
pN (Fig. 4C), compared with binding forces between glycans from different species of 180
pN (Fig. 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
multiple 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 (Fig. 4E, F). Force curves
representing 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 interaction peak, with a

distance between binding motifs of 10-20 nm. In contrast, only ~25% of force curves

12
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between glycans from different species showed multiple interaction peaks, demonstrating a

preference for one rather unspecific binding event during the interaction.

Interaction sites for glycans from the same species were located 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 (Fig. 4G). In
contrast, force curves for the glycans from different species showed less extensions and

almost 80% of the total lengths were only 10-40 nm (Fig. 4H).

Enhancement of the strength of the carbohydrate-carbohydrate interaction by

increasing Ca®*

The role of Ca®"-ions in carbohydrate-carbohydrate interactions was studied by increasing the
Ca®"concentration in artificial 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”" (Fig. 5B). This adhesion force increased to 375 pN when
the Ca”" concentration was increased to 100 mM (Fig. 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
(Fig. 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

(Fig. 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 (Fig. 5D, H). The total lengths of force curves were mainly 20-50

13
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nm in 10 and in 100 mM Ca®". However, longer force curves, i.e. longer interacting
carbohydrate 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®" (Fig. 5H)
compared with only ~3% in 10 mM Ca”" (Fig. 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 structures from the arms (Fig. 6A). Extensive pronase digestion
of purified core structures led to essentially pure 200-kDa glycan 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 proteoglycan to the cell surface
(Fig. 6B). 200-kDa glycans were free of protein contamination (Table 1). There was
essentially no loss of carbohydrates during the purification procedures (carbohydrate yield
~97%). Amino acid analysis of purified glycans 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 aspartate is not a classical linker amino
acid in proteoglycans, but the EM morphology and size of these sponge glycoconjugate
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
proteoglycans contained galactose (Gal), fucose (Fuc), mannose (Man), N-acetylglucosamine
(GIcNAc), 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).
Microciona proteoglycan was characterized by high fucose, while Halichondria proteoglycan

had 3-fold less. Microciona and Halichondria proteoglycans showed high galactose, while

14



Bucior et al.: Results

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.
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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 between 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 antibody-antigen recognition (244 pN) [34,35]. These
observations 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.
Carbohydrate molecules offer the multivalent presence of oligosaccharide chains on cell
surfaces that could easily enhance weak binding forces and affinities to the levels found in

biologically relevant interactions [37].

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 carbohydrates to function in biologically relevant recognition
events. A suitable mechanism for keeping two interacting carbohydrate chains arranged in a
polyvalent array would be a zipper. This model provides both the simplicity and driving force
by which nature may create specificity between two compositionally 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
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surrounding surfaces and first create weak, random contacts before releasing or reinforcing

the adhesion.

Differences in carbohydrate composition and the arrangement of a glycan chain in a
three-dimensional context can also define the specificity of the carbohydrate-carbohydrate
interaction. The carbohydrate composition (Fuc, Gal, Man, GalNAc, GIcNAc, and GIcUA) is
highly conserved between individuals of the same species, whereas large differences are seen
between different species. Detailed structural analyses of different proteoglycans have
revealed species-specific sequences [39]. Diversity 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 dimensional spatial relationships

of the sugars.

Ca’’-ions or other divalent cations are crucial in carbohydrate-carbohydrate
interaction. In marine sponges they are essential. At the molecular level, Ca®" probably
reinforces the contact between the interacting oligosaccharides of glycan molecules, since an
increase in Ca®'in the buffer led to an increase in adhesion forces and in polyvalent
interactions. In measurements of adhesion forces between sulfated disaccharides, it was also
reported that Ca>" probably provides coordinating forces [29]. However, the presence of
Ca®"-ions did not contribute significantly to the adhesion force in Le*-Le* interactions
measured by AFM [36]. There is also no Ca®" in the Le* crystal [40]. Therefore, it was
implied that calcium is only responsible for the approach and organization of the
carbohydrates 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].
Similarly, 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 carbohydrates 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 the presence of Ca®" [43]. Although single

hydroxyl groups are too weak to coordinate cations, the combination of just two well-
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positioned hydroxyl groups on one sugar residue or over two neighboring residues can lead to
coordinate bonds between two interacting carbohydrate chains in the presence of water
molecules. These Ca”" interactions together with hydrogen 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 before any of

these proposals could be considered as relevant, in particular biologically relevant.

Better methods for the synthesis and characterization of carbohydrates are creating
numerous opportunities for elucidation of the biological roles of these outermost cell surface
structures. Carbohydrate-carbohydrate recognition is only one of the many possible
oligosaccharide interactions for which a molecular level understanding is deficient or lacking
completely. If carbohydrate-carbohydrate interactions may ensure adequate cell behavior
during the formation, maintenance, and pathogenesis of tissues, a thorough understanding of
the chemical and molecular nature of specific carbohydrate-carbohydrate recognition 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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Abbreviations

AFM, atomic force microscopy

pN, piconewtons

CSW, calcium- and magnesium-free Tris-buffered seawater; artificial seawater
Le", Lewis™ determinant (Galp1—4[Fucal =3]GIcNAcB1—3GalB1—4Glcp)

TFA, trifluoroacetic acid
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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 determinations. Cys was not determined.

Microciona Halichondria  Suberites Cliona

mol amino acid/mol glycan

Asp 1.1 0.9 0.9 0.7
Glu 0.4 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
Ile 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
Gln 0 0 0 0
Trp 0 0 0 0
Ca 0 0 0 0
Total 2.6 2.0 1.9 1.3
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Table 2. Comparison of the carbohydrate composition of proteoglycans 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 9.7 152 12.4 14.0
GalNAc 3.7 1.2 2.0 10.1
GIcNAc 18.3 14.1 34.2 27.5
GIcUA 9.1 3.0 1.9 4.5
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Figure legends

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 seawater 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 carbohydrate
epitope of Microciona proteoglycan reduced aggregation between Microciona cells (40 pg of
the antibody with 5 x 10’ 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 pg of the antibody with 4.5 x 10°
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 pg of the antibody with 9 x 10° glycan-coated
beads). M, Microciona; H, Halichondria; S, Suberites; C, Cliona.

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
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proteoglycans coated on plastic plates. (), 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) ; (OJ), 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 pg of the antibody with 5 x 10° 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 pg of the antibody with 10 pg 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
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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.

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 Ca®". 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 Ca®".

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 column 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
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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
obtained from the peak nr 2. a and e, Microciona prolifera glycans; b and f, Halichondria
panicea glycans; ¢ and g, Suberites fuscus glycans; d and h, Cliona celata glycans. Molecular

weight standards: HA, hyaluronic acid; CS, chondroitin sulfate.
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Figure 1
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Figure 2
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Figure 4
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Figure 6
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