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Early metazoans had to evolve the first cell adhesion mecha-
nism addressed to maintain a distinctive multicellular morphol-
ogy. As the oldest extant animals, sponges are good candidates
for possessing remnants of the molecules responsible for this
crucial evolutionary innovation. Cell adhesion in sponges is
mediated by the calcium-dependent multivalent self-interac-
tions of sulfated polysaccharides components of extracellular
membrane-bound proteoglycans, namely aggregation factors.
Here, we used atomic force microscopy to demonstrate that the
aggregation factor of the sponge Desmapsamma anchorata has
a circular supramolecular structure and that it thus belongs
to the spongican family. Its sulfated polysaccharide units,
which were characterized via nuclear magnetic resonance
analysis, consist preponderantly of a central backbone com-
posed of 3-�-Glc1 units partially sulfated at 2- and 4-positions
and branches of Pyr(4,6)�-Gal133-�-Fuc2(SO3)133-�-
Glc4(SO3)133-�-Glc34-linked to the central �-Glc units.
Single-molecule force measurements of self-binding forces of
this sulfated polysaccharide and their chemically desulfated
and carboxyl-reduced derivatives revealed that the sulfate epitopes
and extracellular calcium are essential for providing the strength
and stability necessary to sustain cell adhesion in sponges. We fur-
ther discuss these findings within the framework of the role of
molecular structures in the early evolution of metazoans.

Molecular clock estimates, paleobiogeochemical evidence,
and the most widely accepted phylogenetic inferences place
sponges (phylum Porifera) at the root of the metazoan tree as
the oldest extant multicellular animals (1– 4). Such ancestry
makes modern sponges suitable organisms for studying the cel-
lular and molecular aspects of the evolution of multicellularity
(5). A pivotal feature of metazoans is their cell adhesion molec-
ular machinery, which directs the formation and maintenance
of a distinctive multicellular morphology (6). In most animals,
protein interactions, such as those in the cell junctions of epi-
thelia, mediate cell adhesion (7); however, sponge multicellu-
larity is sustained by a characteristic cell adhesion and recogni-
tion mechanism based on specific carbohydrate-carbohydrate
interactions (8).

Carbohydrates have vast structural plasticity, ubiquitous dis-
tribution in vertebrate and invertebrate tissues, and are com-
monly associated with the cell surface (9). Carbohydrate self-
adhesion is maintained by relatively weak forces that can
increase in orders of magnitude upon the multimerization of
individual epitopes into polysaccharides (10). Some examples
of specific carbohydrate self-interactions include the multiva-
lent binding of Lewisx epitopes involved in the first steps of
embryogenesis (11), glycolipid-glycolipid interactions control-
ling cell adhesion, spreading, and motility (12), and self-inter-
actions of sulfated polysaccharides leading to species-specific
cell adhesion in sponges (13).

Proteoglycan-like molecules termed aggregation factors
(AFs)4 mediate intercellular adhesion and recognition in
sponges (14). The structures of AFs resemble those of aggre-
cans: large, extracellular membrane-bound, aggregating, and
modular proteoglycans (15). In the marine sponge Microciona
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prolifera the AF is constructed by a protein core attached to two
different carbohydrate units: a small 6-kDa glycan that medi-
ates the interaction of the AF with putative receptors present in
the cell membrane and a larger 200-kDa sulfated polysaccha-
ride, which binds homophilically with identical units on the
AFs of adjacent cells (13–16).

Certainly, the multivalent self-interactions of sulfated poly-
saccharides from AFs mediate cell adhesion in sponges (17).
Assays using living sponge cells incubated in the presence of
antibodies raised against AF glycans or in high concentrations
of their homologous sulfated polysaccharides themselves dem-
onstrated that these molecules must be physiologically avail-
able to promote cell adhesion (18, 19). Two central features of
this self-interaction process are calcium dependence and spe-
cies specificity, as broadly demonstrated using cell-free tech-
niques, including bead aggregation experiments, affinity chro-
matography, membrane blot assays, and force spectroscopy
(e.g. Refs. 13 and 16 –20). Studies using single-molecule force
spectroscopy have shown that the average self-interaction
forces of sulfated polysaccharides from AFs in the presence of
calcium lies between 190 and 310 piconewtons, depending on
the species studied (13). The binding forces between homo-
logous sulfated polysaccharides from AFs are significantly
stronger than between those from different species, confirming
the specificity of those interactions (13).

The chemical analysis of AF-sulfated polysaccharides re-
vealed unique structures, with distinct sugar compositions and
sulfation patterns for each species studied (e.g. Refs. 21–23).
Moreover, these sulfated polysaccharides present highly com-
plex compositions, with several different sugars per motif,
including acidic sugars such as pyruvated-galactose and hexu-
ronic acid (23). The presence of sulfate and carboxyl groups is
an important chemical feature of these molecules because they
represent sites for anionic charged ligands (24).

Currently the AF-mediated mechanism of sponge cell adhe-
sion has been thoroughly characterized; however, the chemical
nature of the homophilic and calcium-dependent interactions
between their sulfated polysaccharides were only speculated
(20, 25–27). Therefore, to further investigate the epitopes
involved in these interactions, we determined the self-binding
capabilities of native and chemically modified (carboxyl-re-
duced and desulfated) sulfated polysaccharides purified from
the marine sponge Desmapsamma anchorata (DaSP) using
affinity chromatography, bead aggregation assays, and atomic
force microscopy (AFM) single molecule force spectroscopy
(SMFS) and dynamic force spectroscopy (DFS). The supramo-
lecular structure and self-binding force profile of the AF from
D. anchorata (DAF) was described using AFM imaging and
SMFS, and the complex and unique structure of its sulfated
polysaccharide was fully determined using solution nuclear
magnetic resonance (NMR). Overall, the data obtained further
elucidate the self-interaction mechanism in AF-sulfated poly-
saccharides, which are then discussed within the context of the
role of early cell adhesion in the evolution of metazoans.

Experimental Procedures

Sponge Samples—The marine sponge D. anchorata was col-
lected at Ilha Grande Bay, Brazil. Sponge samples collected for

the extraction of sulfated polysaccharides were immediately
fixed in 70% ethanol. Samples collected for the extraction of
aggregation factors were transported to the laboratory im-
mersed in seawater and maintained in an aquarium at 18 °C
until further utilization.

Isolation and Purification of Cell Surface Aggregation Fac-
tors—Fresh samples of D. anchorata were rinsed in calcium-
and magnesium-free artificial sea water (CMFBSW) (0.49 M

NaCl, 11 mM KCl, 7 mM Na2SO4, 2.1 mM NaHCO3 (pH 7.4)), cut
into small pieces, incubated in CMFBSW for 4 h at 4 °C,
squeezed through a 210-mm nylon mesh, and then centrifuged
to remove cells and large particles. Proteoglycans were precip-
itated by increasing calcium concentration to 30 mM. The gel-
like precipitate was homogenized in CMFBSW supplemented
with 20 mM Tris (CMFTSW) and 2 mM CaCl2, and proteogly-
cans were precipitated at 35,000 � g for 3 h at 4 °C. Purification
of aggregation factor was performed via centrifugation in a
cesium chloride gradient (50% CsCl in CMFTSW � 2 mM

CaCl2) at 38,000 � g for 48 h at 4 °C. Purified aggregation factor
was dialyzed against CMFTSW � 2 mM CaCl2 and stored in
0.05 NaN3 for further utilization. Protein concentration was
determined using a bicinchoninic acid kit (Sigma).

Extraction and Purification of Sulfated Polysaccharides—
Samples of D. anchorata were cut into small pieces, immersed
three times in acetone, and dried at 60 °C. Total sulfated poly-
saccharides were extracted from the dried tissues (100 g) via
extensive papain digestion. The extracts were partially purified
via cethylpyridinium and ethanol precipitations, as described
for other invertebrate tissues (28). Approximately 500 mg (dry
weight) of crude extracts were obtained for each batch. These
crude extracts (50 mg) were applied to a DEAE-cellulose col-
umn (Sigma) equilibrated with 5 mM sodium acetate (pH 5.0)
supplemented with 5 mM EDTA (Sigma) and linked to a HPLC
system (Shimadzu). The sulfated polysaccharide was eluted
from the column using a linear gradient of 0 to 3 M NaCl at a
flow rate of 1 ml�min�1. Fractions of 0.5 ml were collected and
checked via a metachromatic assay using 1,9-dimethylmethyl-
ene blue (28) and by measuring conductivity to estimate NaCl
concentration. The fractions containing the sulfated polysac-
charide were pooled, dialyzed against distilled water, and
lyophilized.

Agarose Gel Electrophoresis—Purified DaSP (15 �g) and a
mixture of standard glycosaminoglycans (dermatan sulfate,
heparan sulfate, and chondroitin 6-sulfate; 5 �g of each; Sigma)
were applied to an agarose (0.5%) gel. The electrophoresis was
run for 1 h at 110 V in 0.05 M 1,3-diaminopropane acetate (pH
9.0). Sulfated polysaccharides in the gel were fixed with 0.1%
N-cetyl-N,N,N-trimethylammonium bromide solution for
12 h, dried, and then stained with 0.1% toluidine blue in 0.1:5:5
(v/v) acetic acid:ethanol:water.

Molecular Weight Determination—Molecular weight of pu-
rified DaSP (1 mg) was determined via gel permeation chroma-
tography using a Superose 12 HR 16/70 column (GE Health-
care) linked to a HPLC system (Shimadzu) equilibrated with 20
mM Tris-HCl, 5 mM EDTA, and 0.5 M NaCl (pH 7.4). Dextrans
with different molecular masses (300, 150, 60, and 25 kDa;
Sigma) were used as standard molecular weight markers. The
polysaccharides were eluted from the column using the equili-
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bration buffer at a flow rate of 0.5 ml�min�1 and monitored by
differential refractive index.

Chemical Analysis of Native and Modified DaSP—The
chemical analysis was performed as described elsewhere (19).
Briefly, total hexose and pyruvated-sugar contents were esti-
mated by the phenol-H2SO4 reaction and carbazole reaction,
respectively. After acid hydrolysis of the polysaccharides (6.0 M

trifluoroacetic acid for 5 h at 100 °C), sulfate was measured by
theBaCl2-gelatinmethod.Thepercentageofdifferentmonosac-
charides was estimated by gas-liquid chromatography of deriv-
ative alditol acetates.

Analysis of DaSP by Nuclear Magnetic Resonance—1H and
13C one-dimensional and two-dimensional NMR spectra of
native DaSP were recorded using a Bruker DRX 800 MHz ap-
paratus (Bruker) with a triple resonance probe, as detailed pre-
viously (29). About 20 mg of DaSP were dissolved in 0.5 ml of
99.9% deuterium oxide (Cambridge Isotope Laboratory). All
spectra were recorded at 50 °C with HOD suppression by pre-
saturation. One-dimensional 1H NMR spectrum was recorded
with 16 scans. Two-dimensional 1H,1H COSY (correlation
spectroscopy), NOESY (nuclear Overhauser effect correlation
spectroscopy), TOCSY (total correlation spectroscopy), 13C,1H
multiplicity-edited HSQC (heteronuclear single quantum co-
herence), and 13C,1H HMBC (heteronuclear multiple bound
coherence) spectra were recorded using states-time proportion
phase incrementation for quadrature detection in the indirect
dimension. Phase-sensitive 1H,1H TOCSY spectra were run as
previously described (30, 31) with 4046 � 400 points with a
spin-lock field of 10 kHz and a mix time of 80 ms. 13C,1H HSQC
spectra were run with 1024 � 256 points and globally optimized
alternating phase rectangular pulses for decoupling. 13C,1H
HMBC spectrum was recorded with 1024 � 256 points, with a
60-ms delay for evolution of long-range couplings and was set
with no decoupling during acquisition time. Chemical shifts are
displayed relative to external trimethylsilylpropionic acid at 0
ppm for 1H and relative to methanol for 13C.

Chemical Modifications of DaSP—Native DaSP (50 mg) was
submitted to desulfation or carboxyl-reduction reactions. Des-
ulfation of DaSP was performed via solvolysis (two rounds) in
dimethyl sulfoxide/methanol (9:1, v/v) at 80 °C for 6 h, as pre-
viously described (32). Reduction of the carboxyl groups
present in pyruvated sugars was carried out using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide-NaBH4 as previously de-
scribed (33). Modified DaSP were concentrated using 100-kDa
Amicon filtration units (Millipore) and then lyophilized. The
effectiveness of these chemical modifications was checked via
chemical analysis as described above.

Affinity Chromatography—Native DaSP was coupled to Sep-
harose CL-4B (Sigma) using a standard coupling procedure.
Briefly, 50 mg of the native DaSP in 5 ml of coupling solution
(50 mM NaCl, 100 mM NaHCO3 (pH 8.2)) were mixed with 3 ml
of cyanogen bromide-activated Sepharose CL-4B, and coupling
was carried out as described by the manufacturer (Sigma).
Affinity chromatographies were carried out using two different
solutions: 10 mM phosphate buffer pH 7.0 supplemented with
10 mM CaCl2 or 5 mM EDTA. Native, desulfated, or carboxyl-
reduced DaSP (1 mg of each) were applied to the column (3 ml),
linked to a HPLC system (Shimadzu), and eluted using a linear

gradient of 0 to 3 M NaCl at 0.5 ml�min�1. Fractions of 0.5 ml
were collected and checked for hexose content (19) and by mea-
suring conductivity to estimate NaCl concentrations.

Beads Aggregation Assay—Briefly, 5 � 108 freshly sonified
amidine-modified fluorescent latex beads (1 �m in diameter,
Life Technologies) were incubated with native, desulfated, or
carboxyl-reduced DaSP (2 mg�ml�1) in CMFTSW supple-
mented with 2 mg of EDAC (N-(3-dimethylaminopropyl)-N�-
ethylcarbodiimide; Sigma) and 1 mg of S-NHS (N-hydroxysul-
fosuccinimide; Sigma) overnight at 4 °C and then washed in
CMFTSW. The coupling efficiency was determined by measur-
ing the hexose content (19) on the beads after reversing the
EDAC/S-NHS cross-linking through acid hydrolysis. Approxi-
mately 107 beads coated with native or modified DaSP were
diluted in 600 �l of CMFTSW supplemented with 10 mM CaCl2
or 5 mM EDTA and incubated for 1 h with gentle shaking.
Images of bead aggregates were acquired using an EVOS FL
microscope (Life Technologies). The number of aggregates was
calculated using the imaging analysis software Leica QWin
(Leica). All of the assays were made in triplicate, and the num-
ber of aggregates was compared via analysis of variance using
Origin-Pro 8.0 (OriginLab).

Atomic Force Microscope Imaging—DAF AFM imaging was
acquired under ambient conditions in the tapping mode of
operation using standard monolithic Si cantilevers Tap300AI
(NanoAndMore) on a commercial instrument Multimode
Nanoscope IIIa (Veeco). Substrate muscovite mica surfaces
(Plano) were gas phase-silanized with aminopropyl triethoxysi-
lane (Sigma) in a desiccator and overlaid with 50 �l of DAF
solution (0.5 mg�ml�1) for 15 min at room temperature. Subse-
quently, the samples were washed with Milli-Q water and dried
under N2 flow.

Single-molecule Force Spectroscopy Assays—A MFP-3D atomic
force microscope (Asylum Research) was used to measure the
self-binding forces between DAF and native and chemically
modified DaSPs. DAF was adsorbed on gold-coated NPG can-
tilevers (Bruker), and gold substrates were prepared according
to the template-stripped gold method (34). DAF adsorption
was performed overlaying the gold-coated cantilevers and sub-
strates with a solution of 0.5 mg�ml�1 purified DAF in
CMFTSW � 2 mM CaCl2 for 1–2 h at room temperature.
Native, carboxyl-reduced, and desulfated DaSP were immobi-
lized on mica substrates and on silicon nitride tips of NP-S
cantilevers (Bruker) through a N-hydroxysuccinimide-poly-
(ethylene glycol)-maleimide (NHS-PEG-MAL) linker of 4750
Da (Iris Biotech GmbH). An amount of 10 �M native, carboxyl-
reduced, or desulfated DaSP was incubated with 10 �M NHS-
PEG-MAL in deionized water for 2 h at 4 °C. Mica substrates
and cantilevers were gas phase-silanized with 3-aminopropyl
triethoxysilane (Fluka) in a desiccator and then overlaid with
the DaSP-linker solutions at room temperature for 2 h. After
incubation, the functionalized substrates and cantilevers were
rinsed several times with CMFTSW to remove loosely bound
molecules. SMFS experiments were carried out at room tem-
perature by approaching and separating the functionalized can-
tilevers and substrates in CMFTSW supplemented with 10 mM

CaCl2 or 5 mM EDTA. The spring constant of each cantilever
was determined using the thermal noise method (35). The same
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cantilever and substrate were used for experiments conducted
with CaCl2 and EDTA, in the same order. Approximately 2000
force curves were recorded with constant approach velocity
(2000 nm�s�1) and four different retract velocities (200, 800,
2000, and 5000 nm�s�1). The force curves were analyzed with a
custom-made MATLAB-based software (Math Works) to cal-
culate the molecular adhesion forces and elasticities. Force his-
tograms were fitted to normal curves to obtain the average dis-
sociation forces (Fmax). For the DFS assays, the loading rates
were calculated by multiplying the retracting velocity by the
molecular elasticity of each force curve and then analyzed
according to the stochastic Bell-Evans model of a forced disso-
ciation under an external load (36).

Results

Aggregation Factor of D. anchorata Has a Circular Pattern
and Multiple Intermolecular Binding Sites—Images of DAF
acquired via high resolution AFM revealed a proteoglycan
remarkably similar to the AF of the sponge M. prolifera (MAF)
described elsewhere (8, 14, 15), which enabled us to trace par-
allels between their structures, compositions, and chemical
behaviors. DAF has a sunburst-shaped core constructed by a
ring, �130 nm across, and radiating arms up to 190 nm in
length (Fig. 1A). The ring is composed of �20 globular units 2
nm high (Fig. 1A, arrowhead 1), from each of which an arm was
protruding. The arms are composed of smaller globular units 1
nm high (Fig. 1A, arrowhead 2). Shorter and thinner structures
attached to the globular proteins of the ring (Fig. 1A, arrow)
represent the sulfated polysaccharides (DaSP) of this aggrega-
tion factor.

We evaluated the self-interactions between DAF measuring
their self-binding forces in the presence of CMFTSW supple-
mented with 10 mM CaCl2 using SMFS (Fig. 1B). Some of the
force curves obtained presented a saw-tooth profile in which
each peak represents an intermolecular binding event between
one DaSP attached to the tip and another attached to the sur-
face (Fig. 1C). The binding efficiency of DAF self-interaction in
the presence of calcium was high, with �78% of approach-re-
tract cycles resulting in adhesion (Fig. 1D). The average force
(Fmax) measured at a retract velocity of 2000 nm s�1 for the last
DAF self-adhesion event was 273 � 6 pN (Fig. 1D) and was in
the same order of magnitude as MAF self-interaction forces
(14). DAF self-interaction forces measured in experiments con-
ducted in lower concentrations of calcium (2 mM) were weaker
(data not shown), in agreement with previous SMFS studies
using MAF (37). However, this observation requires careful
interpretation because the integrity of AF protein cores de-
pends on a residual calcium concentration (14). The data used
to calculate the Fmax were restricted to the last peak of the force
curves to ensure that only single molecule self-interaction
forces were taken into consideration. The striking supramo-
lecular similarities with MAF clearly place DAF within the fam-
ily of circular proteoglycans from sponges, the spongicans (15).
This finding is consistent with the phylogenetic kinship of
D. anchorata and M. prolifera; both of these species belong to
the sponge order Ceractinomorpha (38).

DaSP Is a Highly Branched Sulfated Polysaccharide with a
Complex Structure—DaSP, extracted directly from tissues of
the sponge, eluted as a single and sharp peak with �1.4 M NaCl
on anion-exchange chromatography (Fig. 2A). Agarose gel
electrophoresis confirmed the uniqueness and purity of DaSP;
we observed a single and homogeneous band stained with tolu-
idine blue (Fig. 2B). Gel permeation chromatography revealed
that DaSP has an average molecular mass of �200 kDa (Fig. 2C),
which is similar to the sulfated polysaccharide (g200) of MAF
(22). Purified DaSP contains glucose, fucose, and galactose at a

FIGURE 1. Molecular structure and self-interaction profile of purified
DAF. A, high resolution AFM image of DAF. Arrowheads indicate the sunburst-
shaped protein core composed of a ring (1‹) and several arms (2‹). The
arrow indicates the position of DAF-sulfated polysaccharides (DaSP). Scale
bar � 100 nm. B, typical saw-tooth profile of a DAF self-interaction. SMFS
curve obtained in the approach (red) and retract (black) cycles. C, schematic
drawing of the expected topography of interacting DAF molecules in SMFS
experiments, modified from Fernàndez-Busquets et al. (15). D, force histo-
gram of DAF self-interaction forces for the last binding events measured at a
retraction velocity of 2000 nm�s�1; the inset value for Fmax refers to the
mean � S.E. pN. The self-interaction assays (panels B and D) were performed
in CMFTSW supplemented with 10 mM CaCl2.
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7.5:1.7:0.8 molar ratio as determined via gas chromatography/
mass spectroscopy analysis of the derived alditol acetates (data
not shown). The molar ratio of the sulfate:total sugar is �0.66.

The chemical structure of DaSP was investigated using two-
dimensional NMR solution analysis. The 1H,1H COSY (data
not shown), 1H,1H TOCSY (Fig. 3, A and B), and 13C,1H HSQC
(Fig. 4A) spectra showed several distinct spin systems, resonat-
ing in the region of �-anomers, denoting a polysaccharide with
an intricate arrangement of units and a high degree of hetero-
geneity. A cluster of closely related signals was observed at the
5.20 –5.45-ppm region of the spectrum. Two sets of more dis-
tinct spin systems were shifted down-field at 5.70 and 5.46 ppm
(named D and B units, respectively), whereas another set was
up-field at 5.11 ppm (named E unit). The B system was easily
assigned to 3-linked, 2,4-disulfated �-glucose units due to the
characteristic �7 ppm down-field of 13C signal at the glycosyl-
ation site and of �0.6 ppm of the 1H signal at the sulfation sites
(39, 40). A comparison of chemical shift values for unit B with
standard compounds (41– 43) can be found in supplemental
Table S1. The 13C chemical shifts of unit B are similar to those
observed for a 3-linked and 2,4,6-trisulfated �-glucan (42, 43),
except for C6, as expected. The spin system D was also easily
identified. The occurrence of a CH3 signal at a very far high-
field (1.23/16 ppm) and the anomeric signal at 5.46/96.34 ppm
indicate this is an �-fucose residue. Again, as observed for res-
idue B, the marked down-field shift of C3-signal indicates that
this is the glycosylation site in unit D. A comparison with stan-
dard compounds (40, 44, 45) is provided in supplemental Table
S2. Sulfation at position 2 is assured by the 0.6 ppm down-field
shift of the H2-signal. The spin system E was assigned to a
non-reducing terminal and non-sulfated �-galactose because
no significant 13C or 1H shifts (supplemental Table S3) were
observed for this residue compared with standard compounds
(41, 45, 46).

In addition to these three sets of easily identified signals, we
were also able to detect distinct spin systems in the complex
region at 5.20 –5.45 ppm. These systems belong to 3-linked
�-glucose, as indicated by the clear 13C down-field shift at posi-
tion 3 (supplemental Table S1). However, they vary on sulfa-
tion at position 4, as indicated by the �0.6 ppm 1H down-
field shift at position 4. Residue F is 4-sulfated, whereas
residues A, C, and G are non-sulfated. Residue C is particu-

larly distinct due to the strong 13C down-field at positions 3
and 4, indicating that this is a branching point of the poly-
saccharide, with two glycosylation sites. Residues A and G
are both apparently 3-linked, non-sulfated �-glucose units
that differ slightly regarding their chemical shifts due to the
influence of neighboring residues. A small amount of 6-sul-
fation may also occur in the sponge polysaccharide, as indi-
cated by the down-shift of CH2 (see anti-phase signal, indi-
cated in red in Fig. 4A). However, we were not able to identify
the unit bearing this sulfation site.

Therefore, the sponge polysaccharide is composed of a com-
plex mixture of residues, including 3-linked �-glucose units
that vary in their sulfation sites at the 2- and 4-positions as well
as 2-sulfated, 3-linked �-fucose and terminal non-sulfated
�-galactose. The next aspect to clarify was the sequence of these
residues in the polysaccharide structure. This aspect was ini-
tially investigated via a phase-sensitive 1H,1H TOCSY spectrum
(Fig. 3B), which discerns signals of intraresidue spin systems
from those of interresidue rotating-frame Overhauser effects
(30, 31). This approach allows determination of the saccharide
order and linkage position through the correlation of anti-
phase (indicated in red and their connections by the horizontal
broken lines) and in-phase (shown in blue in the panel and their
connections indicated by the vertical broken lines) signals (Fig.
3B). Briefly, the most intense anti-phase signal shows the link-
age in the subsequent sugar residue. The non-reducing termi-
nal �-galactose (residue E) connects with 2-sulfated �-fu-
cose (residue D), which in turn connects with 4-sulfated
�-glucose (residue F) and finally with residue G of non-sulfated
�-glucose. These four sets of signals constitute the branches of the
polysaccharide. The 2,4-disulfated �-glucose (residue B) connects
with the major sets of 3-linked �-glucose residues, which consti-
tute the polysaccharide backbone.

The sequence of residues on the sponge polysaccharide was
confirmed using 13C,1H HMBC (Fig. 3C). This spectrum
enabled us to trace contact between the anomeric 13C of each
unit and 1H of the position involved in the glycosidic linkage of
the subsequent residue (contact points, H3 and H4 in the case
of the sponge polysaccharide, see supplemental Table S4). We
identified contact between residues E-D, D-F, F-G, G-C, C-B,
A-A, B-A, and A-C, thereby confirming that this is the sequence
in the polysaccharide structure. The 13C chemical shifts of the

FIGURE 2. Purification of DaSP. A, DaSP purified (horizontal bar) via ion exchange chromatography. B, agarose gel electrophoresis of DaSP after purification
and a mixture of standard glycosaminoglycans (GAGs): heparan sulfate (HS), dermatan sulfate (DS), and chondroitin sulfate (CS). C, molecular weight of DaSP
estimated via gel permeation chromatography on Superose 12. Arrows indicate the retention time of DaSP (2) and dextrans with different Mr values: 300 kDa
(1); 150 kDa (3), and 25 kDa (4).
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pairs D1-B1 and G1-C1 (Fig. 3C) are close and thus difficult to
identify unambiguously. It was clarified analyzing the interresi-
dues rotating-frame Overhauser effects on the phase-sensitive
1H,1H TOCSY (Fig. 3B). Furthermore, the 1H,1H NOESY spec-
trum (data not shown) presents cross-peaks between: B (1H1)
and A (1H3); G (1H1) and C (1H4); D (1H1) and F (1H3). NOE
signals connecting residues C and B were not identified due to
an intense overlapping of signals on this spectrum.

We were not able to assign some signals on the TOCSY and
HSQC spectra due to their low intensity and/or absence of cor-
responding assignable signals on the HMBC spectrum. Those
few unidentified units indicate a certain degree of heterogeneity
in DaSP structure, as usually observed in most natural sulfated
polysaccharides.

Finally, we also identified the occurrence of pyruvate in-
volved in a six-membered ring ketal in the sponge polysaccha-
ride. An initial suspicion regarding the occurrence of this sub-
stituent was the identification of an intense high-field 1H-signal
at 1.48 ppm. The 13C,1H HMBC spectrum (Fig. 4B) showed a
double signal at �H/�C 1.63/25.3 ppm and �H/�C 1.31/25.3 ppm
due to decoupling during the acquisition of the pulse sequence.

These signals are clearly distinguishable from those assigned to
CH3 from fucose residues (�H/�C at 1.38/16.0 ppm and �H/�C
1.06/16.0). Moreover, we assigned two other signals coupled to
the � 1.48 frequency. These peaks resonate at �C 101.2 ppm and
�C 175.2 ppm and correspond, respectively, to the groups
O-C-O and COOH of the pyruvate. The up-field proton chem-
ical shift of this system (1.48 ppm) (supplemental Table S5)
clearly revealed a typical pyruvate involved in a six-membered
cyclic ketal including O-4 and O-6 of a non-reducing terminal,
potentially �-galactose instead of a five-membered cyclic ketal
(47, 48).

Fig. 5 summarizes the preponderant structure proposed for
DaSP. This structure is a highly branched polymer constituting
of a central core of 3-linked �-glucose that is partially sulfated at
2 and 4 positions. The branches are composed of �-Gal133-�-
Fuc2(SO4)133-�-Glc4(SO4)133-�-Glc, which is linked to
position 4 of a �-glucose unit in the central backbone. We also
identified pyruvate groups involved in cyclic ketals with the
positions O-4 and O-6 of �-galactoses located at the non-re-
ducing end. DaSP and oligosaccharides derived from the
g200 of M. prolifera (22) share the same monosaccharide

FIGURE 3. Solution NMR analysis of DaSP. A, 1H,1H TOCSY spectrum. B, phase-sensitive 1H,1H TOCSY spectrum. Signals of the spin systems are on in-phase,
indicated in blue, whereas signals from the neighboring residues are in anti-phase, indicated in red. C, 13C,1H HMBC spectrum showing the contact points
between saccharide units of DaSP.
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units except for the substitution of GlcNAc to glucose in
DaSP; however, the sequence and proportion of these units
in the polymers and their sulfation patterns greatly differ.
Such differences are expected because the composition of
sulfated polysaccharides from the AFs of sponges are alleg-
edly species-specific (23).

Self-interactions between DaSP Depend on Their Sulfate
Groups and Exogenous Calcium—To identify the reactive
groups involved in the self-interaction of DaSP, we submitted
the native molecule to a solvolysis reaction (to remove sulfate
groups) or to a carboxyl reduction (to remove carboxyl groups
present in the 4,6-O-pyruvate galactose residues). The effi-
ciency of these chemical modifications was evidenced by the
failure to detect sulfate content in derivatives submitted to sol-

volysis and sugar carboxyl groups in reduced derivatives (data
not shown).

We initially investigated the self-interactions of native and
modified DaSP using affinity chromatography in which native
DaSP was coupled to Sepharose CL-4B. Native (Fig. 6A), car-
boxyl-reduced (Fig. 6B) and desulfated (Fig. 6C) DaSP were
eluted with increasing concentrations of NaCl in solutions con-
taining either 10 mM CaCl2 (Fig. 6, A–C, red triangles) or 5 mM

EDTA (Fig. 6, A–C, black circles). Native and carboxyl-reduced,
but not desulfated DaSP, were retained in the column in the
presence of calcium, indicating that sulfate groups are indis-
pensable to promote chemical interactions between DaSP.
These interactions are clearly calcium-dependent because they
are completely abolished in the presence of EDTA.

We also assessed the capacity of native and modified DaSP to
mediate the aggregation of amidine-latex beads coated with
these polysaccharides. This model mimics the conspicuous
aggregation process whereby dissociated sponge cells undergo
when kept in culture (15). Beads coated with native and car-
boxyl-reduced DaSP and incubated in CMFTSW supple-
mented with 10 mM CaCl2 (Fig. 6, D and E, respectively, and Fig.
6J), were able to effectively aggregate, unlike beads coated with
the desulfated derivative (Fig. 6, F and J), indicating that sulfate
but not carboxyl groups are necessary to promote aggregation.
However, the aggregation was nearly abolished when beads
were incubated in CMFTSW supplemented with 5 mM EDTA
(Fig. 6, G and I, and Fig. 6J), further illustrating the calcium
dependence of this aggregation process. The hexose content of
hydrolyzed beads measured after the aggregation assays indi-
cated an efficient polysaccharide coating (Fig. 6K), confirming
that the absence of aggregation was not due to the absence of
DaSP on the beads. The results presented above indicate the

FIGURE 4. Solution NMR analysis of DaSP. A, 13C,1H HSQC spectrum; blue peaks are in-phase and belong to CH or CH3 groups, whereas red peaks are anti-
phase and belong to CH2 groups. B, 13C,1H HMBC spectrum of the methyl region of the pyruvate groups and of fucose deoxy-C6. Pyr-CH3, Pyr O-C-O, and
Pyr COOH indicate signals from the CH3, O-C-O, and COOH groups of the 4,6-O-(1�carboxyl)-ethylidene �-galactopyranosyl units, respectively.

FIGURE 5. Preponderant structure of DaSP. A, �-Glc133. B, �-Glc(2,4-di-
SO3

�)133. C, �-Glc133. D, �-Fuc(2-SO3
�)133. E, �-Gal(4,6-Pyr)133. F,

�-Glc(4-SO3
�)133. G, �-Glc134.
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pivotal role played by the sulfate esters of DaSP in the homo-
philic and calcium-dependent self-interactions responsible for
sponge cell adhesion.

Sulfated DaSP Presents Stronger and Longer-lasting Self-in-
teractions Than Its Desulfated Derivative—After the depen-
dence on sulfate groups to promote effective self-interactions
between DaSPs was established, we characterized the physical
features of these interactions using AFM-SMFS and -DFS tech-
niques. These assays were performed using a well established
method for the immobilization of biomolecules via a heterobi-
functional PEG linker, which adds distance and steric flexibility
for the binding partners and reduces unspecific interactions
(49). Self-interactions of native and carboxyl-reduced DaSPs in
the presence of CMFTSW supplemented with 10 mM CaCl2
exhibited dissociation forces (Fmax) between 151 and 212 pN
(Fig. 7). The desulfated DaSP showed slightly weaker self-inter-
action forces between 99 and 176 pN that were similar to those
obtained in the absence of calcium (CMFTSW supplemented
with 5 mM EDTA), which ranged from 81 to 159 pN (Fig. 7).
Despite slight differences, the forces between sulfated and des-
ulfated DaSP and between assays carried out in the presence or
absence of calcium had the same order of magnitude (Fig. 7).
Thus, the absolute binding forces obtained in the SMFS assays
should not be considered a dominant parameter in explaining
the self-interactions of sulfated polysaccharides from AFs.

A deeper investigation on the self-interactions of native and
chemically modified DaSP was accomplished using DFS assays
in which the retraction velocity of the AFM cantilever was var-
ied from 200 to 5000 nm s�1 (Figs. 7 and 8A). According to the
standard model of thermally driven dissociation under external
force, the Bell-Evans model (36), an increase in the average
dissociation force (Fmax) is expected with larger loading rates
(Fig. 8B) following Equation 1,

Fmax �
kBT

x�

ln
x�r

kBT koff
(Eq. 1)

where kBT denotes the thermal energy, r is the loading rate
obtained by multiplying the retraction velocity by the molecu-
lar elasticity of the system, and x� is the reaction length repre-
senting the distance between the minimum of the binding
potential and the transition state that separates bound from
free states. In a DFS plot Fmax values are plotted against their
respective loading rates in a semi-logarithmic manner (Fig.
8B). koff is the thermal off-rate constant under zero external
load and can be deduced by linearly extrapolating the data in
the DFS plot to zero external force (F � 0); the slope of the
linear fit can be assigned to the inverse reaction length
(x�

�1). In addition to the reaction length, a second impor-
tant parameter that can be derived from DFS data is the

FIGURE 6. Chemical interactions and aggregative capabilities of native and chemically modified DaSP. Native (A), carboxyl-reduced (B), and desulfated
(C) DaSPs were applied to a column containing Sepharose CL-4B coupled with native DaSP and eluted with NaCl solutions containing 5 mM EDTA (black circles)
or 10 mM CaCl2 (red triangles). Amidine-latex beads (1 �M) coated with native (D and G), carboxyl-reduced (E and H), and desulfated (F and I) DaSPs were
incubated in CMFTW supplemented with 10 mM CaCl2 (D, E, and F), or 5 mM EDTA (G, H, and I). Scale bar � 500 �m. J, number of aggregates (mean � S.E.) formed
by beads coated with native (Nat), carboxyl-reduced (CR), and desulfated (Des) DaSP in the presence (Ca2�, red) or absence (EDTA, black) of calcium. *, p 	 0.05;
**, p 
 0.001 (analysis of variance). K, total hexose content bound to the beads after the assays.
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mean lifetime of the complex (�), which is inversely related
to the koff (� � koff

�1).
The DFS plot of our data showed the expected linear depen-

dence according to the Bell-Evans model (Fig. 8B). Assays con-
ducted in the presence of calcium with native and carboxyl-
reduced DaSP presented clear differences with the desulfated
derivative as well as with the assays conducted in the absence of
calcium. In the presence of calcium the reaction length x� of
self-interactions between native and carboxyl-reduced DaSPs
was similar (�3.5 Å), whereas between desulfated DaSP and for
all samples in the absence of calcium the reaction lengths were
significantly shorter, ranging from 2.1 to 2.4 Å (Fig. 8C, supple-
mental Table S6).

The self-interaction lifetime � of native and carboxyl-re-
duced DaSPs in the presence of calcium was orders of magni-
tude higher than for assays conducted with desulfated DaSP or
in the absence of calcium (Fig. 8D, supplemental Table S6). The
lifetime of the binding complex dramatically affects its stability
because a rapid on-off switching between bound and unbound
states is more susceptible to dissociation than longer interac-
tions (5). Therefore, our AFM-SMFS and -DFS results unequiv-
ocally show that the calcium-mediated self-interactions of sul-
fated DaSPs are stronger and last longer than desulfated DaSP
despite slightly differing average forces.

Discussion

We herein showed that the aggregation factor of the sponge
D. anchorata (DAF) has a circular supramolecular structure
and multiple intermolecular binding sites, which places this
proteoglycan within the spongican family (15). The structure of
DAF sulfated polysaccharide (DaSP), which was characterized
using solution NMR analysis, consists of a central backbone
composed of �-Glc units partially sulfated at 2- and 4-positions
and branches of Pyr(4,6)�-Gal3�-Fuc2(SO3)3�-Glc4(SO3)3
�-Glc3; this was the first time that the structure of a complex-
sulfated polysaccharide from sponge was fully determined. We
also demonstrated through a variety of cell-free techniques that
the calcium- and sulfate-mediated self-interactions between
sulfated polysaccharides of AFs are responsible for sustaining
cell adhesion in sponges.

Carbohydrate-carbohydrate interactions have been increas-
ingly associated with several cell surface events (9 –12). The
vast structural plasticity of carbohydrates confers many
combinatorial possibilities for fine-tuning cell-cell recogni-
tion, and their weak and reversible multivalent self-interactions
endow strength and flexibility during the formation and
maintenance of multicellular tissues (9). Several biological
processes such as the early steps of embryo formation,

FIGURE 7. AFM-SMFS analysis of native and chemically modified DaSP. Force histograms of self-interactions of native (A, B, C, and D), carboxyl-reduced (E,
F, G, and H), and desulfated (I, J, K, and L) DaSPs in the presence (10 mM CaCl2; light red bars and red lines) and absence (5 mM EDTA; gray bars and black lines) of
calcium obtained at different retraction velocities: 200 nm�s�1 (A, E, and I), 800 nm�s�1 (B, F, and J), 2000 nm�s�1 (C, G, and K), and 5000 nm�s�1 (D, H and L). Nat,
native; CR, carboxyl-reduced; Des, desulfated DaSP. The inset values for Fmax refer to the mean � S.E. pN.
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metastasis, and cell-cell adhesion events are mediated by
carbohydrate-carbohydrate interactions by means of van der
Waals contacts, hydrogen bonds, electrostatic forces, and
bridges of divalent ions (9, 50).

As demonstrated here and elsewhere (e.g. Ref. 17), the homo-
philic and calcium-dependent self-interactions between sul-
fated polysaccharides components of AFs are the primary
forces driving cell-cell adhesion in sponges. These interaction
forces have been attributed to hydrogen bonds between the
hydroxyl groups of sugar moieties of polysaccharides (10). In
this model calcium ions are responsible only for the approach
and organization of the sugar moieties and provide adequate
surfaces for further interactions (5). However, the participation
of the highly reactive sulfate groups of these polysaccharides
was formerly speculated (20). More recently, this participation
was deduced from SMFS measurements of stronger self-inter-
action forces in sulfated than in non-sulfated synthetic oligosac-
charides derived from the AF of the sponge M. prolifera (27).

Our affinity chromatography data, bead aggregation assays,
and measurements of single-molecule binding forces, lengths,
and stabilities of native and chemically carboxyl-reduced and
desulfated polysaccharides from AFs of the sponge D. ancho-
rata clearly demonstrate the active participation of sulfate
esters but not carboxyl groups in the calcium-dependent car-

bohydrate-carbohydrate interactions in sponges. Such sulfate
dependence led us to hypothesize that the anionic sulfate
groups of polysaccharides from adjacent AFs interact through
calcium bridges with individual binding lengths of �3.5 Å (Fig.
9). These calcium- and sulfate-mediated interactions provide
the strength and stability (binding lifetime 	102 s) necessary to
sustain the aggregative properties of AFs and hence the physi-
ological maintenance of cell-cell adhesion. Similar self-interac-
tions mediated by calcium have been observed for the sulfated
polysaccharide g200 from the AF of M. prolifera (5), indicating
that such a mechanism of intermolecular interaction could be
conspicuous in sponges.

We also observed significant binding forces between the des-
ulfated derivative in either the presence or absence of calcium
and between sulfated DaSPs in the absence of calcium. How-
ever, the binding forces of these interactions are weaker and
markedly less stable (binding lifetime 
10 s), and their reaction
lengths fall below the hydrogen bond distance, which is �2.9 Å
(51). Similar characteristics were observed for the calcium-free
self-interactions of g200 from M. prolifera (5). These calcium-
and/or sulfate-free interactions likely operate through hydro-
gen bonds between hydroxyl groups on the polysaccharides,
whereas the excess of Na� ions in seawater neutralizes the
repulsive forces expected from the highly anionic sulfate and
carboxyl groups (10). The ability of calcium ions to provide
adequate molecular landscapes for such interactions (5) was
also observed because the binding forces measured for the des-
ulfated derivative in the presence of calcium were slightly stron-
ger than in experiments conducted in the absence of calcium.

Complex multiple binding events have been reported in
other interactions involving carbohydrates, such as the interac-
tion between heparin and the protein platelet factor 4, which is
mediated by both electrostatic and hydrophobic bonds (52).
Other example are the three different stable binding conforma-
tions formed between ricin and anti-ricin aptamer (53). Self-
interactions of DaSP likely operate through both hydrogen
bonds and sulfate-calcium bridges; however, the calcium-
and/or sulfate-free interactions mediated by hydrogen bonds
are unable to effectively sustain cell adhesion in sponges, as
demonstrated here in aggregation assays with desulfated deriv-
atives and elsewhere, for more than one century, by dissociating
sponge tissues in calcium-free seawater (54).

Interestingly, the average self-interaction forces of DAF
(Fmax 273 � 6 pN) were substantially higher than native DaSP
(Fmax 183 � 8 pN) in experiments conducted in the presence of
calcium and with the same retract velocity (2000 nm�s�1), as
previously reported for self-interactions of MAF and g200 (14).
Because DaSP effectively mediates both interactions, similar
single molecule forces are expected. Probably those stronger
forces relate to a neat organization of DaSP units along the
globular proteins in the DAF ring (Fig. 9), which may optimize
their reactive landscapes, thus enhancing both the electrostatic
interactions mediated by sulfate and calcium groups and the
hydrogenbonds.Therefore,theorganizationofsulfatedpolysac-
charides along the protein core of AFs possibly increases their
self-interaction capabilities and hence the stability of cell-cell
adhesion.

FIGURE 8. DFS analysis of the self-interactions between native and chem-
ically modified DaSP. A, typical force curves of native DaSP obtained in the
presence (red) or absence (black) of calcium with different retract velocities. B,
DFS plot of native (circles, solid lines), carboxyl-reduced (squares, dashed lines),
and desulfated (triangles, dotted lines) DaSP in the presence (red) or absence
(black) of calcium showing the measured dissociation forces against the
respective loading rates in a semi-logarithmic scale. C, reaction lengths x�

(mean � S.D.) of the self-interactions between native (Nat) and carboxyl-
reduced (CR) and desulfated (Des) DaSP in the presence (Ca2�, red) or absence
(EDTA, black) of calcium. D, mean lifetime � (koff

�1) of the self-interactions
between native (Nat) and carboxyl-reduced (CR) and desulfated (Des) DaSP in
the presence (Ca2�, red) or absence (EDTA, black) of calcium plotted in a log-
arithmic scale.
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The first sponges likely began to diverge from single celled
choanoflagellate-like ancestors at least 800 Ma, in the cryoge-
nian period (2). The oldest sponge-like body fossils are found in
shales dated between 660 and 635 Ma (mega-annum) and are
thus before the oldest (579 –565 Ma) Ediacaran macrofossil
assemblages (55). Substantial evidence relates such sponge
ancestry with the early development of an allorecognition sys-
tem of sufficient complexity to enable individual self-nonself
recognition (1), as indicated by the allelic polymorphism iden-
tified in MAF proteins and its correlation with tissue incom-
patibility reactions (56 –58). The presence of this precise
allorecognition may have had crucial evolutionary importance
in ancestral sponges by preventing the negative effects of chi-
merism, such as the maintenance within the populations of
fitness-reducing genes (5). Another pivotal evolutionary mile-
stone provided by AFs involves their calcium-mediated inter-
actions. The mean sponge cell disaggregation time is astonish-
ingly high (	1015 s, �30 million years) in calcium-rich (10 mM)
and reduced (
10 s) in calcium-deficient (0 mM) environments
(5). Although this simulated number may not be meaningful on

the level of an individual sponge, it dramatically illustrates that
the calcium concentration in the extracellular environment can
lead to either weakly aggregated cells or stable multicellular
assemblies (5). The resulting strength and stability of the cal-
cium-dependent cell adhesions mediated by AFs in ancestral
sponges may have enabled them to maintain their integrity
until reproduction, thereby permitting genetic constitutions to
remain within a multicellular individual and be passed down in
inheritance lineages (5). Our findings clearly demonstrate that
the strength and stability of these calcium-mediated interac-
tions intrinsically relate to the presence of sulfate epitopes on
polysaccharides neatly organized along the AFs.

Sulfated polysaccharides are evolutionarily conserved and
widely distributed among nearly all invertebrate phyla (59).
Heparan sulfate-like glycosaminoglycans have been biochemi-
cally identified in phyla at the base of the metazoan lineage such
as Cnidaria (60). Intriguingly, the choanoflagellate Monosiga
brevicollis presents, although with low homologies, ortholog
sequences to key heparan sulfate biosynthetic enzymes (61).
Although heparan sulfate has not been thus far identified in
sponges, the rudimentary biosynthetic machinery present in
their putative single-celled ancestor possibly participated as a
precursor of the enzymes involved in the synthesis of their own
sulfated polysaccharides. Therefore, the early advent of sulfated
polysaccharides biosynthesis may represent a crucial innova-
tion involved in the development of ancestral sponges and
hence triggered the evolution of the metazoan multicellular
complexity.

Sponges are the oldest extant Precambrian metazoan phy-
lum and thus are valid models to study the factors that could
have led to the rise of multicellular animals. The Cambrian
explosion was a relatively short period �540 Ma that marked a
general acceleration in the evolution of most animal phyla;
however, the trigger of this key biological event remains elusive.
We hypothesized that the Cambrian explosion may have been
unleashed by the coincidence in time of primitive sponge-like
metazoans endowed with 1) self/non-self-recognition, 2) adhe-
sive sulfated polysaccharides, and 3) a surge in seawater calcium
that increased the binding forces and stabilities between their
calcium-dependent cell adhesion molecules (1, 5).
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