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Sponges (Porifera), the simplest and earliest multicellular organ-
isms, are thought to have evolved from their unicellular ancestors
about 1 billion years ago by developing cell-recognition and
adhesion mechanisms to discriminate against “‘non-self.” Conse-
quently, they are used as models for investigating recognition
phenomena. Cellular adhesion of marine sponges is an event
involving adherence of extracellular proteoglycan-like mole-
cules, otherwise known as aggregation factors (AFs). In a calcium-
independent process the AFs adhere to the cell surface, and in a
calcium-dependent process they exhibit AF self-association. A
mechanism which has been implied but not definitely proven to
play a role in the calcium-dependent event is self-recognition of
defined carbohydrate epitopes. For the red beard sponge, Micro-
ciona prolifera, two carbohydrate epitopes, a sulfated disaccharide
and a pyruvylated trisaccharide, have been implicated in cellular
adhesion. To investigate this phenomenon a system has been
designed, by using surface plasmon resonance detection, to mimic
the role of carbohydrates in cellular adhesion of M. prolifera. The
results show self-recognition of the sulfated disaccharide to be a
major force behind the calcium-dependent event. The interaction
is not simply based on electrostatic interactions, as other sulfated
carbohydrates analyzed by using this procedure did not self-
associate. Furthermore, the interaction is completely eradicated on
substitution of Ca2* ions by either Mg2* or Mn2* ions. This
physiologically relevant recognition mechanism confirms the ex-
istence of true carbohydrate self-recognition, and may have sig-
nificant implications for the role of carbohydrates in cellular
recognition of higher organisms.

eak polyvalent interactions play an important role in

biological processes. There is growing evidence that car-
bohydrates, found on the surfaces of all living cells, are func-
tional constituents in cell-cell interactions. At present, only a
few examples of low-affinity carbohydrate—carbohydrate inter-
actions are known (1-5). For example, pioneering work by
Hakomori and his colleagues (1-3) has shown glycosphingolipid
self-interaction to occur by way of multivalent interaction of
Lewis X epitopes.

Since 1900, marine sponges have been used as primitive
models for studying the phenomenon of cell recognition. Knowl-
edge of the recognition mechanisms of these simple organisms,
hypothetically situated at the foot of the metazoan kingdom, may
contribute to the understanding of cell-cell adhesion events
within higher organisms. Adhesion of marine sponges is an event
that involves both calcium-independent adherence of proteogly-
can-like molecules, named aggregation factors (AFs), to the cell
surface, and calcium-dependent AF self-association (6—8). The
calcium-dependent event is species-specific, as illustrated by the
rapid self-association and sorting, on the addition of calcium
ions, of a mixture of colored (pink, yellow, and white) proteo-
glycan-coated beads, each color corresponding to a different
species (7). Monoclonal antibodies raised against purified ad-
hesion proteoglycans of Microciona prolifera blocked the self-
association (9), for which the epitopes recognized were identi-
fied as short carbohydrate units: the sulfated disaccharide 1 (10)
(Fig. 1) and a pyruvylated trisaccharide (11). To investigate the
implied role of sulfated disaccharidelin] the self-interaction of
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M. prolifera (6-8, 10—13) a model system using surface plasmon
resonance (SPR) detection (14) was developed. This detection
principle allows the interaction between one substance bound to
a gold surface (substrate) and another in solution (analyte) to be
monitored. An increase in the SPR response denotes an increase
in surface concentration, and, hence, an interaction (Fig. 2).
Here, we describe the model system and the results that confirm
the concept of carbohydrate self-recognition that could be
operative as one of the major forces behind the calcium-
dependent cellular adhesion of the marine sponge.

Materials and Methods

Preparation of Neoglycoconjugates 2 and 3. The synthesis of neo-
glycoconjugates 2 and 3, containing the spacer-armed saccha-
rides B-D-GlcpNAC3S-(1—3)-a-L-Fucp and B-D-GlcpA (Fig. 1),
has been reported (15, 16).

Preparation of Neoglycoconjugates 4 and 5. General methods used
for the preparation of neoglyconjugates 4 and 5 have been
described elsewhere (15). Two hundred and twelve milligrams of
sulfur trioxide trimethylamine complex (1.52 mmol) was added
to a solution of 73 mg of 6-azidohexyl 2,3,4-tri-O-toluoyl-B-D-
glucopyranoside (0.11 mmol) (15) in 9.2 ml of N,N-dimethyl-
formamide. The mixture was stirred overnight at 40°C, with
complete conversion confirmed by TLC on silica gel 60 Fass
(Merck; dichloromethane/acetone, 9:1, Ry 0.88). The solution
was cooled to 0°C and neutralized with 370 mg of solid NaHCO:s.
Subsequently, dichloromethane and water were added to the
mixture and the organic layer washed with aqueous 5% NaCl,
dried (with MgSO,), filtered, and concentrated. A solution of the
residue in methanol/dichloromethane (8.4 ml, 5:1) was stirred
with Dowex-50 (Na™) for 15 min. The mixture was filtered and
concentrated, affording 61 mg of sodium 6-azidohexyl 2,3,4-tri-
O-toluoyl-6-O-sulfo-B-D-glucopyranoside (75%); [a]p —6° (¢ 1,
dichloromethane); &y (300 MHz; CDCl3) 1.09-1.20 [m, 4 H,
O(CHz)z(CHz)z(CHz)zNy,], 225, 232, and 2.37 (3 S, each 3 H, 3
COC¢H4CH3), 4.08 (m, 1 H, H-5),4.79 (d, 1 H, J,2 7.9 Hz, H-1),
5.44(dd, 1 H,J»3 9.8 Hz, H-2), 5.56 (t, 1 H, J34 9.6 Hz, H-3), 5.83
(t, 1 H,J459.7 Hz, H-4), 7.03, 7.11, 7.18, 7.68, 7.78, and 7.84 (6
d, 12 H, 3 COC¢H,CHs); fast atom bombardment MS™* of
Ci36H40012N3SNa (M, 738.2) m/z 784.2 (M + 2 Na)*. A solution
of 50 mg product (67.7 umol) in 7.5 ml ethanolic 33% methyl-
amine was stirred for 2 days at room temperature, concentrated,
and purified by column chromatography on Silica gel 60 Fas4
(0.063—0.200 mm; ethyl acetate/methanol/water, 10:5:1) yielding
24 mg of 6-azidohexyl 6-O-sulfo-B-D-glucopyranoside (92%);
TLC (ethyl acetate/methanol/water, 10:5:1, Ry 0.65); [a]p —10°
(c 1, water); i (300 MHz; D,0O) 1.36-1.42 and 1.59-1.66 [2 m,
8 H, OCH»(CH»)sCH,N3], 3.28 (dd, 1 H, H-2), 3.32 [t, 2 H,
O(CH»)sCH,N3], 3.45 (t, 1 H, Jo3 = J34 9.2 Hz, H-3), 3.65 and
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Fig. 1. Structures of the sulfated disaccharide epitope (1) present on the surface of M. prolifera cells, the corresponding neoglycoconjugate (2), and the three

control neoglycoconjugates (3, and 4/5).

3.91 [2 m, each 1 H, OCH,(CH>)sN3], 4.33 (dd, 1 H, H-6a), 4.46
(d, 1 H, J12 8.0 Hz, H-1); fast atom bombardment MS~ of
Ci12H2»O9N3SNa (M, 385.4) m/z 384.0 (M-H) ™. A solution of 5.0
mg of product (13.0 wmol) in 0.5 ml of methanol was hydrog-
enolyzed in the presence of 10% palladium on 6.4 mg of activated
charcoal under hydrogen for 2 h at room temperature, at which
point TLC on silica gel 60 Fas4 (ethyl acetate/methanol/water,
10:5:1, Ry 0.68) showed the reaction to be complete. After
filtration and concentration, the residue was subjected to column
chromatography on silica gel 60 Fzss (0.063-0.200 mm; ethyl
acetate/methanol/water, 10:5:1), affording 6-aminohexyl 6-O-
sulfo-B-D-glucopyranoside, isolated as a colorless glass. A solu-
tion of 0.62 ul 3,4-diethoxy-3-cyclobutene-1,2-dione (17) (di-
ethyl squarate, 4.2 umol) in 100 ul ethanol was added to a
solution (150 ul) of 1.5 mg of product (4.2 umol) in 75 mM
sodium phosphate buffer, pH 7.0. The mixture was stirred
overnight at room temperature, and TLC on silica gel 60 Fas4
(ethyl acetate/methanol/water, 10:5:1, R;0.71) showed complete
conversion into a higher moving spot. After concentration, a
solution (1 ml) of the crude residue in water was loaded on a C-18
Sep-Pak cartridge. The column was washed three times with 2 ml
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Fig. 2. lllustration of change in SPR signal (Response) with time for a typical

monovalent binding event, at four different concentrations. (A) Surface
bound substrate in equilibrium with buffer. (B) Initiation of flow of analyte in
buffer: association. (C) Equilibrium between bound and unbound analyte:
steady~state (D) Flow of bufferrestored:dissociation. (F) Further dissociation.
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of water, and the product was eluted twice with 2 ml of methanol.
The methanol phase was evaporated, and a solution (2 ml) of the
residue in water was concentrated to yield 6-N-(3,4-dione-2-
ethoxycyclobutene)aminohexyl 6-O-sulfo-B-D-glucopyranoside,
which was directly used for the preparation of neoglycoconju-
gates 4 and 5. Pretreated BSA (25 mg/ml; ref. 16) was dissolved
in 0.1 M NaHCOj; buffer (pH 9.0) and stirred for 30 min. The
monosaccharide-squarate adduct in water (0.5 mg/ml) was added
to the BSA solution (two separate experiments using 15 and 7
meq based on BSA, respectively), and the resulting mixture was
stirred for 3 days at room temperature. The mixture was purified
by HiTrap gel filtration (aqueous 5% NH4HCO3) to afford, after
lyophilization from water, neoglycoconjugates 4 and 5, respec-
tively. Matrix-assisted laser desorption ionization—time-of-flight
MS analysis of BSA-conjugates 4 and 5 indicated that on average
9.7 and 5.0 units of the monosaccharide moiety were coupled to
BSA.

Aggregation of Neoglycoconjugates 2 and 4, a Lewis X Conjugate, and
BSA. The propensity for conjugate 2 to aggregate was investigated
by monitoring the absorbance of a 10 uM solution in 20 mM
Tris'HCI (pH 7.4)/500 mM NaCl in the presence of either 10 mM
CaCl,, 10 mM MgCl,, or without divalent cations, at 340, 440,
and 600 nm for 100 min. The absorbance of the solution, in a
quartz cuvette (width, 1 cm), was monitored by using a Hewlett
Packard 8452A diode array spectrophotometer. The absolute
absorbance was zeroed at the point of addition of divalent cation.
Similarly, conjugate 4, a Lewis X conjugate (Oxford Glyco-
sciences) containing an average of 13 epitopes of Lewis X per
BSA molecule, and BSA itself were investigated to provide
comparative experiments.

SPR Studies. SPR studies were carried out by using a BIAcore
2000 instrument (Amersham Pharmacia). BIAcore CMS5 sensor
chips, containing four immobilization surfaces (channels) coated
with a carboxymethylated dextran matrix, were activated and
derivatized by using the described amine coupling method (18),
followed by blocking of the remaining activated sites with 1 M
ethanolamine-HCl. The value of response unit (RU) is an
indication of the amount of material bound to the surface: 1,000
RU is equivalent to a surface concentration of about 1 ng/mm?.

Preparation of Sensor Surface 1. After equilibration of the sensor
surface with 20 mM Tris'HCI (pH 7.4)/500 mM NacCl, which was

used at a continuous flow throughout the immobilization, at a
flow rate of 5 ul/min, conjugate 2 (9,200 RU), BSA (15,000 RU),
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and BSA (20,000 RU), dissolved in 10 mM sodium acetate (pH
4.5) at a concentration of 200 wg/ml, were immobilized to
channels 1, 2, and 3, respectively, and the fourth channel was left
underivatized. Channel 2 was chosen as the internal control
surface (blank) from which the sample bulk effect was
subtracted.

Preparation of Sensor Surface 2. By using an identical buffer and
flow rate as for sensor surface 1, Lewis X conjugate, dissolved
in 10 mM sodium acetate (pH 4.5) at a concentration of 200
png/ml, was immobilized to channel 1 (8,000 RU) and BSA to
channel 2 (4,000 RU). Channel 3 was activated and blocked
without immobilization of protein, and channel 4 was left
underivatised. Channel 3 was chosen as the internal control
surface (blank). The correct presentation of Lewis X epitopes at
the surface was confirmed by monoclonal antibodies (291-
4D10-A and 22-1B3-A; ref. 19) directed against Lewis X.

Binding Experiments. All measurements on sensor surface 1 were
carried out in 20 mM TrissHCI (pH 7.4)/500 mM NacCl, either
with or without 10 mM CaCl,, MgCl, or MnCly; or in artificial
sea water [in g/liter:1.21 TrissHCl (pH 7.4)/27.0 NaCl/1.0
Na»,S0,4/0.8 KCI/0.18 NaHCO3/0.2 NaNj3; iso-osmotic with nat-
ural seawater], either with or without 10 mM CacCl,, the phys-
iological Ca®* concentration in seawater (20), except the exper-
iments involving conjugates 3-5. All experiments on sensor
surface 2 were carried out in 20 mM Tris-HCI (pH 7.4)/500 mM
NaCl with or without 10 mM CaCl, or 10 mM MgCl,. Analyses
were performed at 25°C and at flow rates of 5 or 25 wl/min.
Analyte samples were prepared and diluted in the appropriate
running buffer. Surfaces were regenerated with 10 ul of 1 M
NaCl, or 10 ul of 0.1% SDS followed by 1 M NaCl. Kinetic rate
constants were derived from experiments using analyte at con-
centrations between 10 and 0.3125 uM diluted 2-fold in the
appropriate running buffer.

Data Analysis. Association and dissociation rate constants (k, and
kg, respectively) were calculated by nonlinear fitting of the
primary sensorgram data (21) by using the BIAEVALUATION 3.0
software (Amersham Pharmacia). The equilibrium association
constant (K,) for the different interaction events was calculated
either from the response at equilibrium (Req) or by dividing &,
by kd.

Results

Design of a System for Studying Low-Affinity Carbohydrate Self-
Interaction. To develop a system for investigating the implied
self-interaction of 1, several possible complications needed first
to be considered. The low molecular mass of sulfated disaccha-
ride 1 (<1,000 Da), together with the expected very low affinity
of self-interaction (cf. Lewis X self-interaction, K, 2-3 M~1; ref.
5) would both be major obstacles in choosing the most suitable
technique and system for investigating this problem. To circum-
vent the problems associated with measuring very low-affinity
interactions, e.g., differentiating specific from nonspecific bind-
ing, it was instead decided to analyze the interaction of a BSA
conjugate containing, through a synthetic spacer, an average of
7.8 moieties of 1 per molecule (conjugate 2, Fig. 1). In this way,
the affinity of the system, as well as the molecular mass, could
be increased: a polyvalent system, such as this one, usually has
a higher affinity, or avidity, than the simple monovalent case
(22). Moreover, this would provide an ideal system for modeling
sponge cellular adhesion, as the occurrence of multiple interac-
tion events, which arise in the natural situation, could now be
investigated. From the techniques considered suitable for ana-
lyzing this type of interaction, including NMR spectroscopy,
isothermal titration calorimetry, and atomic force microscopy, it
was decided that-an"SPRrbiosensor wasimost appropriate. The
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Fig. 3. Investigation of the aggregation behavior of conjugates 2 and 4,
Lewis X conjugate, and BSA, in the presence of either 10 mM CacCl, (A) or 10
mM MgCl; (B). On addition of divalent cation (1 M, 5 ul) to a solution (10 uM,
495 pl) of test molecule, the tube was mixed and the absorbance was zeroed.
The absorbance was then measured at 340 nm for 6,000 s.

main advantages of an SPR biosensor over the other techniques
are that the interaction can be monitored in “real time,” and that
control experiments can be performed in parallel, facilitating
rapid exclusion of nonspecific interactions. In addition, because
each bound conjugate would yield on average a further 7
disaccharide 1 binding sites, it was hypothesized that the binding
profile of this type of model system would have features com-
pletely different from those produced for the more common
heterophilic binding event, as neither equilibrium binding nor
saturation of the surface (cf. Fig. 2C) should ever be attained.

Preliminary Evidence for Calcium-Dependent Aggregation Behavior of
Conjugate 2. Conjugate 2 (Fig. 1) was created by using synthetic
methods (15). By using an experimental design similar to that
applied by Kojima et al. (2), the aggregation behavior of con-
jugate 2 was investigated by monitoring the absorbance (at 340,
440, and 600 nm), or alternatively the turbidity, of a 10 uM
solution of conjugate, in the presence as well as in absence of 10
mM Ca?" ions or 10 mM Mg?* ions. The aggregation behavior
was compared with that of sulfate-containing conjugate 4 (Fig.
1), a Lewis X-containing BSA conjugate, and BSA. All solutions
were prepared from lyophilized material (molecular weight
obtained by matrix-assisted laser desorption ionization—time-of-
flight MS), and diluted to give the desired concentration of 10
uM. On addition of Ca?" ions, a surprisingly rapid decrease in
absorbance, with similar rates at 340, 440, and 600 nm, was
observed for conjugate 2 (Fig. 34), correlating with rapid
aggregation of this molecule. Although, in theory, the turbidity
measurement should be independent of the wavelength chosen,
and indeed was found to be independent, three wavelengths were
selected to ensure that the protein moiety of the conjugate did
not disturb the result. The effect was not observed in the
presence of Mg?* ions (Fig. 3B), a result in agreement with the
calcium-dependent aggregation of M. prolifera sponge cells. The
effect did not occur with any of the compounds used for
comparison, neither in the presence of Ca>* ions nor in the
presence of Mg?* ions (Fig. 3). The earlier observations for
Lewis X-coated beads (2), that the aggregation of Lewis X was
also Ca’"-dependent, could not be repeated for the Lewis
X-containing BSA conjugate. An estimation of the density of
Lewis X on the beads revealed the level to be approximately a
factor of 10° higher than that on the surface of the BSA
conjugate. The low concentration of Lewis X in our experiments
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Fig.4. Interaction of BSA (A) and conjugate 2 (B) analyte with surface-bound
conjugate 2, carboxymethylated dextran, and BSA, in the absence of CaZ* ions.
Concentrations of analyte: 10, 5, 2.5, 1.25, 0.625, and 0.3125 uM.

may be the reason that we were unable to visualize the multi-
valent interaction of Lewis X epitopes.

Preparation of a System for Studying the Self-Interaction of Conju-
gate 2. Conjugate 2 was covalently attached to a carboxymethy-
lated dextran-coated gold surface (CMS5 sensor chip) by using a
standard procedure (18). To account for nonspecific protein—
protein and protein—carbohydrate interactions within the whole
system both one unmodified and two BSA-coated surfaces were
used as control substrate surfaces. BSA was also chosen as a
suitable control analyte. The BSA surface of lower coverage (see
Materials and Methods) was used as the required surface from
which the analyte bulk effect could be subtracted and referred
to as the ‘blank’ surface. The system buffer (pH 7.4) contained
500 mM NacCl, the concentration found in seawater.

Interaction of Conjugate 2 and BSA with Sensor Surface 1 in the
Absence of Calcium lons. To evaluate the calcium-dependent
interaction of conjugate 2, it was first required to investigate and
characterize the calcium-independent interaction of conjugate 2
and BSA. In these two experiments (Fig. 4), and the following
two experiments in the presence of Ca?* ions (see below), the
concentrations of BSA and conjugate 2, which flowed across the
surface, were varied from 10 to 0.3125 uM, in 2-fold dilutions.
The binding data at the three substrate surfaces were analyzed
after subtraction of the “blank” surface, and a zero concentra-
tion (0 uM, i.e., buffer).

In the first experiment (Fig. 44), BSA was revealed to have no
obvious self-interaction under these conditions (no binding at
any concentration of analyte) but an affinity for 2 and an
especially strong interaction with the underivatized carboxy-
methylated dextran sensor surface was seen. Similarly, conjugate
2 (Fig. 4B) adhered to the BSA-coated surface and again strongly
to the underivatized carboxymethylated dextran surface, which
was reflected in the lack of dissociation. However, conjugate 2
did not self-associate. The affinity of BSA for 2, which must have
been brought about by carbohydrate—protein interactions be-
cause BSA did not self-associate, was determined to have an
equilibrium association constant (K,) ~ 10° M~1. The affinity of
BSA for carboxymethylated dextran, which has been reported
(23, 24), is most likely the result of protein—carboxyl group
interactions, because conversion (18) of the carboxyl functions
into amides by activation and reaction with 1 M
ethanolamine-hydrochloride (pH 8.5) completely destroyed its
binding potential (not shown). Both BSA and conjugate 2 could
be removed from this surface only by regeneration with a 0.1%
aqueous SDS solution. In fact, significantly more BSA and
conjugate 2-were able torcoat thercarboxymethylated dextran

9422 | www.pnas.org/cgi/doi/10.1073/pnas.151111298
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Fig. 5. Interaction of BSA with surface-bound conjugate 2, carboxymethy-
lated dextran, and BSA, in the presence of 10 mM Ca2* ions. Concentrations
of analyte: 10, 5, 2.5, 1.25, 0.625, and 0.3125 uM.

surface by way of noncovalent interactions, than by covalent
attachment by using the amine coupling procedure (18). For the
above reasons it was obvious that these surfaces, except for the
initial interaction, would actually function as protein-coated
surfaces, and so, in the remaining two experiments, they were
considered as alternative BSA or conjugate 2 surfaces.

Interaction of Conjugate 2 and BSA with Sensor Surface 1 in the
Presence of Calcium lons. In buffer containing 10 mM CaCl,, the
concentration of Ca?* ions commonly found in seawater, the
binding of BSA to each substrate appeared to be identical (Fig.
5) to that without Ca?* ions (Fig. 44). However, conjugate 2
behaved differently in the presence of Ca* ions, at both the
covalently and noncovalently coated conjugate surfaces (Fig. 6,
cf. Fig. 4B). This binding behavior, in which the binding response
is beginning to ascend to infinity in a linear fashion (Fig. 7), is
indicative of a low-affinity polyvalent binding mechanism for
which saturation of the surface cannot be attained. Further
evidence for this conclusion is that dissociation of the complex
is also rapid, and that the binding rate is proportional to
concentration (Fig. 7), as would be expected for this type of
interaction. This binding mechanism must be the formation of
multilayers of conjugate 2 by self-interaction of either the
disaccharide 1 part or the BSA part of the molecule. Because the
interaction of protein (BSA) to both protein (BSA) and carbo-
hydrate (conjugate 2), as well as protein to carboxymethylated
dextran, was already shown to be entirely unaffected by the
addition of Ca?" ions (cf. Figs. 44 and 5), then carbohydrate
self-recognition must be the source of this calcium-dependent
behavior.

Specificity of the Self-Interaction. To rule out ionic attraction of

two sulfate groups to one calcium ion and the effects of
modifying BSA by covalent attachment of carbohydrate, and
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Fig. 6. Interaction of conjugate 2 with surface-bound conjugate 2, car-
boxymethylated dextran, and BSA, in the presence of 10 mM Ca?* ions.
Concentrations of analyte: 10, 5, 2.5, 1.25, 0.625, and 0.3125 uM.
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Fig.7. Linear fitting (21) of the self-interaction of conjugate 2 at a conjugate
2-coated surface. The accuracy of the fit is mirrored in both the size of the
statistical parameter x2(2.49, 0.37, and 0.43) and in the minor deviation of the
residuals from the fit. Conc., concentration; slope, AResponse/ATime.

particularly negatively charged carbohydrate, three control con-
jugates were synthesized. Conjugate 3 contained an average of
12.8 units of glucuronic acid, and conjugates 4 and 5 contained
an average of 9.7 and 5.0 units of glucose 6-sulfate, respectively
(Fig. 1). In buffer excluding Ca?* ions, each conjugate was
attracted to the carboxymethylated dextran surface and BSA,
although not to the surface coated with 2 (not shown). Each
control conjugate bound to BSA and carboxymethylated dextran
in an identical manner and avidity as conjugate 2. The addition
of 10 mM CaCl; to the system had no effect on the binding of
conjugate 3, 4, or 5 (not shown), a result also in agreement with
the initial aggregation studies of 4. Therefore, the polyvalent
interaction of 2 could not be attributable to either modification
of BSA or solely to the presence of charged carbohydrate
epitopes, and more specifically to electrostatic interactions by
way of sulfate moieties. In addition, the control conjugates do
not self-associate, because this would have occurred, as previ-
ously for 2, at the dextran-coated surface, to which the conju-
gates again bound tightly.

To investigate the observed (20, 25-27) role of Ca?* ions in the
aggregation of M. prolifera, CaCl, was replaced by either 10 mM
MgCl, or 10 mM MnCl,. Conclusively, both Mg?*™ and Mn?™ ions
completely destroyed the ability of the conjugate to self-
associate. Artificial seawater (20), however, was capable of fully
supporting the polyvalent interaction. These results are in agree-
ment with research into aggregation of living sponge cells (20,
25-27), and therefore support the suitability of the SPR model
system for studying the role of carbohydrates in this type of
adhesion process.

Binding Strength of the Self-Interaction. The low-affinity polyvalent
interaction of 2 is evident at concentrations above 1 uM of
analyte. By flowing 10 uM analyte 2 for 40 min over substrate
2 in the presence of 10 mM Ca?* ions, followed by 40 min of
dissociation (Fig. 8), the immensity of this polyvalent multilayer
formation could be fully appreciated. It should be noted that the
SPR signal is only affected by interactions within about 300 nm
of the surface, and hence as multilayer formation proceeds, its
effect on the SPR signal will diminish, as seen in Fig. 8 at about
600 RU. Although the affinity of a polyvalent interaction cannot
be directly calculated from BIAcore data, the k4 of the system
could be determined (21) to have a value of ~1073 s~1. At the
point at which polyvalent aggregation is initiated, it can be
assumed thatassociationmustequaldissociation, thus k,C = kg,
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Fig. 8. (Upper) Confirmation and illustration of the polyvalent multilayer
formation of conjugate 2 (10 uM). (Lower) Binding of an antibody (291-
4D10-A) to immobilized Lewis X-BSA conjugate. (A) Injection of conjugate 2 in
the absence of Ca* ions. (B) Injection of conjugate 2 in the presence of 10 mM
Ca2* jons. (C) In comparison to B: saturation of the Lewis X-coated surface by
antibody. Arrows indicate commencement of association and dissociation.

where k, is the association rate constant and C is the concen-
tration of analyte (i.e., 10 uM). The interaction must therefore
have a k, ~ 10> M~ !:s~!, and an affinity, or avidity (22), of K,
~ 10° M. Because BSA has no self-interaction in the presence
and absence of Ca?* ions, and conjugate 2 has no self-interaction
in the absence of Ca?" ions, the source of the multivalent
interaction is solely disaccharide—disaccharide driven, and the
avidity measurement can be regarded as quantitative. However,
because sponge cells contain significantly more sulfated disac-
charide 1 epitopes than conjugate 2, the avidity of sponge
cellular adhesion can be expected to be considerably higher.

Investigation of Lewis X Self-Interaction (Sensor Surface 2). The
magnitude of the self-recognition behavior of conjugate 2 was
evident after comparison with the result of an experiment in
which self-recognition of a BSA conjugate of the Lewis X
epitope, the only carbohydrate previously reported to self-
associate in the presence of Ca?" ions (1-4), was investigated.
The viability of the Lewis X-conjugated coated surface was first
tested and confirmed by the positive interaction with two Lewis
X-specific monoclonal antibodies (Fig. 8). Although the Lewis X
conjugate contains, on average, 5 more carbohydrate epitopes
per BSA molecule than does conjugate 2 at similar SPR surface
densities of conjugate (8,000 and 9,200 RU, respectively), this
molecule did not appear to demonstrate Ca?*-dependent self-
association at concentrations up to 100 uM. Although this result
does not negate earlier studies on the Lewis X self-interaction,
especially as the density and concentration of Lewis X epitope
in our study would appear to be significantly lower than those
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used in earlier studies (1-3) as mentioned above, it does suggest
disaccharide 1 to have either a significantly higher affinity, or a
different recognition mechanism, than that of Lewis X.

Discussion

Although the role of many glycans in nature remains unclear,
they have been implicated in many biological processes, includ-
ing correct folding and secretion of proteins, and as receptor sites
for various microorganisms and viruses. Carbohydrates have also
been shown to be involved in cell-cell recognition and adhesion,
usually by way of membrane lectins (28), but also by carbohy-
drate self-recognition. Pioneering work by Hakomori and col-
leagues has already shown that glycosphingolipid self-interaction
can occur by way of multivalent interaction of Lewis X epitopes
(1-4), and a role in the compaction process of preimplantation
embryos in mammals has been proposed (3). Furthermore, the
previously reported Gg3 carbohydrate—-GM3 carbohydrate in-
teraction between lymphoma and melanoma cells (4, 29) has
recently been mimicked by using a GM3 glycolipid monolayer
and Gg3 glycoconjugate polystyrene in aqueous solution with
SPR as detection technique (30).

The self-recognition capabilities of disaccharide 1 are pre-
sumably taking place in a 1:1 interaction, taking into account the
relative sizes and masses of BSA and disaccharide 1, and the
phenomenon of steric hindrance. Considering the finding that
the source of the calcium-dependent aggregation of sponge cells
has previously been shown to emanate from interactions involv-
ing this epitope (6-13), our data indicate the existence of
carbohydrate self-recognition in a physiologically relevant rec-
ognition mechanism. The experimental model provides an in-
teresting mimic for species-specific marine sponge cell adhesion.
The multilayer formation at the biosensor surface indicates that
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the association/dissociation process of conjugate 2 in the pres-
ence of Ca®* ions in the analyte is a rapid multiple low-affinity
event. The affinity of the cell adhesion phenomenon may be
~100 times higher than that of the interaction between single
Lewis X epitopes (5) (Ka 2-3 M™1). Because aggregation takes
place in the presence of 500 mM NaCl, only with Ca?* ions, and
does not occur between control sulfated or carboxylated conju-
gates, simple ionic attraction can be ruled out. The interaction
would therefore appear to be more complex. The driving force
may be rapid and stable octagonal or hexagonal coordination of
the Ca?* ion by three or four interactions from each disaccharide
epitope. Further work is needed to investigate this intriguing
phenomenon, and also the role of the other charged carbohy-
drate epitope, the pyruvylated trisaccharide, in the aggregation
of M. prolifera. 1t is also important to investigate how carbohy-
drate structures can discriminate between self and non-self, as
might be accomplished by synthesizing and investigating mimics
of these epitopes. For the Lewis X epitope, an antiparallel
complex of two epitopes has recently been proposed in which the
hydroxyl groups at C-2 and C-3 of fucose, and C-6 of galactose
are involved in coordination of the calcium ion (5). The crucial
role of self-interacting carbohydrates in sponge aggregation
suggests that comparable cell-surface recognition phenomena
may exist in more complex multicellular organisms. It is imper-
ative that the role of carbohydrate self-recognition in the natural
development of multicellularity be further investigated.
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