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Fucoidan is a potent inhibitor of the human complement
system whose activity is mediated through interactions with
certain proteins belonging to the classical pathway, partic-
ularly the protein C4. Branched fucoidan oligosaccharides
displayed a higher anticomplementary activity as com-
pared to linear structures. Nuclear magnetic resonance
(NMR) characterization of the branched oligosaccharides
and saturation transfer difference-NMR experiment of
the interaction with the protein C4 allowed the identifica-
tion of the glycan residues in close contact with the target
protein. Transferred nuclear Overhauser effect spectrosco-
py experiment and molecular modeling of fucoidan
oligosaccharides indicated that the presence of side chains
reduces the flexibility of the oligosaccharide backbone,
which thus adopts a conformation which is very close to
the one recognized by the protein C4. Together, these re-
sults suggest that branching of fucoidan oligosaccharides,
determining their conformational state, has a major impact
on their anticomplementary activity.
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Introduction

Algal fucoidan is a sulfated polysaccharide extracted from
brown algae (Usov and Bilan 2009). Because of its biological

activities on mammalian systems, this polymer has raised in-
creasing interest over the past decades (Lake et al. 2006;
Boisson-Vidal et al. 2007; Lee et al. 2008). One of its known
activities is its potent inhibitory effect on human complement
system (Tissot and Daniel 2003). This property is of major in-
terest given the involvement of complement in numerous
pathological processes and the strong demand for efficient
complement inhibitors. Complement is an important part of
the human immune system being a major effector of innate im-
munity and playing an essential role in host defense against
pathogens. However, inappropriate activation of complement
has been recognized to play a key role in a variety of pathologies
(Speth et al. 1999; Tedesco et al. 1999), including hyper-acute
graft rejection in xenotransplantation (Winkler 2001), reperfu-
sion injuries and more recently in neurodegenerating
processes (Bergamaschini et al. 2001). Encompassing nearly
30 plasma and membrane proteins, complement is activated
through three major ways: the classical pathway depending on
antigen-bound antibody recognition and including the proteins
C1q, C1r, C1s, C2, C4 and C1Inh, the lectin pathway involving
the mannose-binding lectin MBL—this pathway merges with
the classical pathway at the C4 activation step—and the alterna-
tive pathway triggered by contact on microbial and foreign
surface (Lambris et al. 1999).
Understanding the mechanism of action of bioactive poly-

saccharides toward biological cascades requires a fine
knowledge of the binding properties to target proteins and of
the carbohydrate structure. Much effort has been taken during
the past years to elucidate the structure of fucoidan, using high-
field nuclear magnetic resonance (NMR) (Chevolot et al. 1999;
Daniel et al. 1999; Bilan et al. 2002) and mass spectrometry
(Daniel et al. 2007). The widely studied fucoidan from Asco-
phyllum nodosum, a brown alga of the fucale order, has a
[→4)-α-L-Fucp-(1→3)-α-L-Fucp-(1→4)-α-L-Fucp-(1→3)-α-
L-Fucp(1→] backbone with sulfate groups mainly on the C2
position of the fucosyl units (Chevolot et al. 2001; Daniel et
al. 2001). Much less is known about the mechanism and the
structural determinants involved in the interactions with tar-
getted proteins. We have previously reported that A.
nodosum fucoidan inhibits the first steps of the complement
cascade through specific interactions with target proteins be-
longing to the classical pathway, particularly the complement
protein C4 (Tissot et al. 2003; Tissot et al. 2005). However, the
structural characteristics of the polysaccharide required for this
anticomplement activity remained to be established.
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In order to identify the structural determinants of fucoidan
involved in the interaction with the protein C4, low molec-
ular weight (LMW) fractions of fucoidan from the brown
algae A. nodosum as well as a synthetic pentasaccharide re-
producing the structure repeat found in fucoidan (Hua et al.
2004) have been analyzed in the study herein by high-field

solution NMR including saturation transfer difference-NMR
(STD-NMR) (Mayer and Meyer 1999; Mayer and Meyer
2001) and transfer nuclear Overhauser effect spectroscopy
(TRNOESY) experiments (Clore and Gronenborn 1982;
Clore and Gronenborn 1983). While STD-NMR experiments
allow the identification of the ligand protons in direct con-

884

Table I. Inhibition of complement by fucoidan oligosaccharides. Complement activity was determined by the measure of the hemolysis of sensitized erythrocytes.
IC50 is the amount (μg) of fucoidan inhibiting 50% of the complement-mediated hemolysis

Oligosaccharide
Molecular weighta

(g mol−1)
Sulfate (SO3Na)
(%)

Complement inhibition IC50

(μg)

Pentasaccharide 1420 45.8 >50
F1 3090 37 32
F2 3200 34 3

aMolecular weight determined by size-exclusion chromatography for F1 and F2. Molecular weight calculated for the synthetic pentasaccharide.

Table II. 1H and 13C chemical shifts of the fucose residues in the LMW fucoidan fractions F1 and F2a and in the synthetic pentasaccharide

Residue Fraction H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 H6/C6

A
→4)-α-L-Fucp-(2,3-di-SO3

−)-(1→3)- Ap
1 Penta 5.45/97.8 4.69/75.4 4.82/76.7 4.30/82.3 4.66/70.7 1.43/18.5

Ap
2 Penta 5.45/96.5 4.71/75.4 4.89/76.7 4.32/82.5 4.72/70.6 1.44/18.5

A1 F1 5.48/97.0 4.71/75.2 4.86/76.9 4.32/82.1 4.61/70.6 1.40/18.4
F2 5.50/97.0 4.73/75.3 4.89/76.5 4.33/81.5 4.64/70.7 1.46/18.3

A2 F1 5.45/97.5 4.69/75.2 4.86/76.9 4.32/82.1 4.61/70.6 1.40/18.4
F2 5.47/97.5 4.71/75.3 4.85/76.8 4.34/82.1 4.64/70.7 1.46/18.3

A3 F2 5.45/97.9 4.69/75.3 4.83/76.8 4.31/82.3 4.65/70.2 1.44/18.3
A4 F2 5.35/96.2 4.68/74.7 4.92/76.3 4.37/82.4 4.38 1.25

B
→3)-α-L-Fucp-(2-SO3

−)-(1→4)- Bp Penta 5.34/101.7 4.63/76.3 4.27/76.4 4.18/72.5 4.47/69.9 1.35/18.2
B1 F1 5.30/101.4 4.65/76.0 4.26/76.0 4.17/72.0 4.50/69.4 1.31/18.2

F2 5.32/101.3 4.65/76.1 4.28/75.6 4.18/72.0 4.54/69.5 1.36/18.2
B2 F1 5.34/101.4 4.62/76.0 4.26/76.0 4.17/72.0 4.50/69.4 1.31/18.2

F2 5.36/101.5 4.63/76.3 4.27/76.1 4.17/72.5 4.49/69.9 1.35/18.2
B3 F2 5.28/101.8 4.64/76.2 4.23/74.5 4.19/71.1 4.54/69.7 1.28/18.2
B4 F2 5.39/101.7 4.62/76.6 4.27/76.0 4.17/72.2 4.40/70.1 1.35/18.2
B5 F2 5.34/102.0 4.63/76.2 4.24/76.2 4.17/72.5 4.40/70.1 1.31/18.2

B′
→3)-α-L-Fucp-(2,4-di-SO3

−)-(1→4)- B′ F2 5.38/101.2 4.62/76.6 4.50/76.2 4.93/84.8 4.54/nd 1.32/18.2
C

α-L-Fucp-(2,3-di-SO3
−)-(1→3)- C F1 5.43/97.5 4.61/75.3 4.78/78.1 4.27/73.7 nd nd

F2 5.44/97.4 4.62/75.3 4.78/77.9 4.27/73.5 4.63/69.4 1.31/18.2
C′

α-L-Fucp-(2-SO3
−)-(1→3)- C′ F2 5.41/96.8 4.51/78.2 4.22/70.3 3.95/75.3 4.29/68.8 1.22/18.2

D
α-L-Fucp-(2-SO3

−)-(1→4)- D Penta 5.30/101.6 4.51/78.5 4.22/70.2 3.98/75.2 4.51/70.2 1.33/18.1
F1 5.30/101.0 4.50/78.0 4.20/70.2 3.97/75.3 nd nd
F2 5.31/101.4 4.51/78.4 4.22/70.1 3.98/75.0 4.50 /70.2 1.32 /18.2

E
→4)-α-L-Fucp-(2,3-di-SO3

−) E F1 5.58/93.4 4.64/nd 4.73/nd 4.34/nd nd nd
F2 5.60/93.5 4.65/75.8 4.74/77.0 4.35/82.7 4.39/70.0 1.44/18.3

E′
→4)-α-L-Fucp-(2-SO3

−) E′ F2 5.54/93.3 4.47/78.7 4.09/70.5 4.05/85.7 4.38/69.9 1.42/18.3
F

→3)-α-L-Fucp-(2-SO3
−) F Pentab 4.59/104.2 4.38/78.8 3.94/79.1 4.09/70.6 3.84/73.4 1.34/18.2

F1 5.52/93.4 4.57/nd 4.11/nd 4.14/nd nd nd
F2 5.54/93.4 4.58/76.2 4.13/76.2 4.15/70.2 4.28/68.8 1.29/18.2

G
→3,4)-α-L-Fucp-(2-SO3

−)-(1→3)- G F2 5.47/95.8 4.56/78.1 4.27/76.0 4.04/84.8 4.55/70.4 1.43/18.3
G′

→4)-α-L-Fucp-(2-SO3
−)-(1→3)- G′ F2 5.42/96.8 4.52/78.2 4.21/70.5 4.06/85.4 4.61/nd 1.41/nd

Superscripts “1, 2, etc.” are used to distinguish residues having the same substitution pattern but displaying slightly different chemical shifts (fractions F1 and F2).
Subscript “p" refers to residues belonging to the pentasaccharide.
a

Chemical shifts were measured on COSY and HSQC spectra recorded with a 600-MHz spectrometer. Values for the fraction F1 are from (Chevolot et al. 2001.
Carbohydr. Res 330: 529–535).
b

The terminal F residue at the reducing end of the synthetic pentasaccharide was in β form and substituted by an octyl chain at position C1 (1H chemical shifts of the
octyl chain are 0.91, 1.36, 1.41, 1.66, 3.72 and 3.90).

M-J Clément et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/glycob/article/20/7/883/1987960 by guest on 24 April 2024



tact with the protein receptor, TRNOESY experiments give
rise to distance data useful to calculate the receptor-bound
ligand conformation. The combination of these two experi-
ments has previously been fruitfully used for studying the
interaction between carbohydrates and various proteins such
as antibodies and enzymes (Angulo et al. 2006; Clement et al.
2006). Our goals were to identify the regions of fucoidan in close
contact with the protein and determine the carbohydrate-bound
structure. The structure data were confronted to the anticom-
plementary activities of the fucoidan fraction in order to
decipher their structure–function relationship. The results
underline the importance of oligosaccharide branching in
the anticomplementary activity.

Results and discussion
Anticomplementary activity of LMW fucoidan
The fucoidan fractions studied in this work were of LMW, i.e.
below 3500 g mol−1. We first evaluated their inhibitory activity
towards the human complement system in whole serum using a
hemolytic assay. The anticomplementary activities were sur-
prisingly different from one fraction to another (Table I).
The synthetic pentasaccharide (MW 1420 g mol−1) reproducing
the structure repeat found in fucoidan was inactive. Fraction F1
(MW 3090 g mol−1) exhibited a weak anticomplementary activ-
ity despite its high sulfate content (37%). The most active
fraction was F2 (MW 3200 g mol−1). This fraction has a slightly

lower sulfate content and a molecular weight comparable to the
one of fraction F1. Hence, the inhibiting activity was not only
dependent on molecular weight but also relied on structural de-
terminants such as sulfate pattern and oligosaccharide backbone
organization. To better understand these relationships, we in-
vestigated the structural determinants of the active fraction F2
using NMR spectroscopy and compared this refined structural
data with the ones of a LMW fucoidan F1 and a synthetic pen-
tasaccharide previously described (Chevolot et al. 1999;
Chevolot et al. 2001; Hua et al. 2004).

Structure of LMW fucoidan F1 and synthetic pentasaccharide
F1 had been described as a mixture of linear oligosaccharides of
approximately 8–14 residues and constitutedmainly by alternat-
ing 2,3-O-sulfated fucose units [α-L-Fucp-2,3(OSO3)2-1→3]
and 2-O-sulfated fucose units [α-L-Fucp-2(OSO3)-1→4]
named residues A and B, respectively (Chevolot et al.
2001). The same residue nomenclature is used in this study,
i.e. 2,3-O-disulfated residues A have terminal counterpart re-
sidues C and E at the nonreducing and reducing ends,
respectively, and 2-O-sulfated residues B have terminal coun-
terpart residues D and F at the nonreducing and reducing
ends, respectively. In this fraction and in the two others de-
scribed here, each type of residue with a single substitution
pattern could be found at slightly different chemical shifts.
For example, two types of residue A (A1 and A2) showing
small differences in H1 and H2 chemical shifts (Table II)
were identified in Fraction 1 spectrum. The same observation
was made for residue B which also exists under two forms,
B1 and B2 (Table II). These differences may arise from dif-
ferent conformational equilibria at nearby glycosidic linkages.
The complete NMR attribution of the synthetic fucoidan

pentasaccharide (Table II) was performed for the first time
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Scheme I. Structural organization of the synthetic fucoidan pentasaccharide.
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Fig. 1. Region of the COSY spectrum of the fraction F2 showing the H1/H2 cross-peaks. The corresponding residues are labeled.
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and it confirmed its linear structure composed of alternating 2,3-
O-disulfated fucose and 2-O-monosulfated fucose (Scheme I)
(Hua et al. 2004). Both disulfated residues in the pentasacchar-
ide (type A residues) could be distinguished from each other
through slight difference in the chemical shift of their H3
and H5, indicating subtle difference in their environment along
the oligosaccharide chain (referred as residues Ap1 and Ap2 in
Table II). It is worth noting that for linear chain theO-glycosidic
bond of either 1→3 or 1→4 linkage has a clear influence on the
chemical shift of the α anomeric proton and carbon, respective-
ly, 5.4–5.5 ppm and 94–97 ppm for the 3-linked anomeric
atoms and 5.3 ppm and 101–102 ppm for the 4-linked ones.

Structural data of LMW fucoidan F2
Although being in the samemolecular weight range than fraction
F1, fraction F2 exhibited amore crowdedNMRprofile revealing
the complexity of this fraction. Assignments (Table II) were
made based on previously published NMR data (Chevolot
et al. 2001; Daniel et al. 2001; Mulloy et al. 2000) and by
using the aforementioned values obtained from the synthetic
pentasaccharide. The H1–H2 cross-peaks in correlation spec-
troscopy (COSY) spectrum (Figure 1) belonging to 18
different spin systems have been identified, some of them be-
ing weakly represented. They can be distributed as follows in
four groups according to their sulfation pattern and the nature
of their glycosidic linkages (see detailed assignments in Sup-
plementary data).

Residues of type A [→4)-α-L-Fucp-2,3di(OSO3
−)-(1→3]

were composed of four kinds of residues (A1–A4) corresponding
to slight differences on the H1–H2 cross-peak positions. We as-
sumed that for all residues A protons up to H4 were in very
similar environments given their almost identical spin systems
(Table II). Integration of all residues A anomeric protons indicat-
ed that they accounted for around 40% of all F2 anomeric
protons. This proportion was confirmed by the integration of
the sharper H4 signal.

Five kinds of residues of type B [→3)-α-L-Fucp-2(OSO3
−)-

(1→4] (B1–B5) were distinguished. Although identically sub-
stituted, i.e. 2-O-sulfated, these residues presented slightly
different anomeric proton H1 chemical shifts, suggesting
that each anomeric position was linked to nonequivalent re-
sidues or at least, involved in different local conformations.
An additional type of residue B (B′) was detected that was
attributed to a 2,4 disulfated fucose. Integration of all resi-
dues B H1 signals showed that they accounted for about
50% of all anomeric protons.

2,3-O-disulfated and 2-O-sulfated fucose named residues
E and F, respectively, were identified as terminal residues
at the reducing end as in the fraction F1. In the same way,
2,3-O-disulfated and 2-O-sulfated residues named, respective-
ly, C and D were detected at the nonreducing ends.

Finally, a branching residue named G was distinguished on
COSY spectrum (Figure 1) as being a 2-O-sulfated fucose en-
gaged in two O-glycosidic bonds at positions 3 and 4 in

addition to its 1→3 linkage. Consequently, G was defined as
a branching residue [3,4-di-O-disusbtituted-α-L-Fucp(2-SO3

−)
1→3]. This was confirmed by the heteronuclear multiple bond
correlation (HMBC) spectrum (see below).

HMBC connectivities: H1/C3 and H1/C4 connectivities
showed that residues A were linked to the position 3 of resi-
dues B and that residues B were linked to the position 4 of
residues A, respectively. Concerning the branching residue
G, a cross-peak observed between its C4 and the H1 of B3

indicated that the 4-position of G was linked to B3.
Concerning the second substitution of G, the correlation
peaks C1/H3 at 97.9/4.27 and 96.2/4.27 ppm argued for a
linkage between a residue A (A3 or A4) with the C3 of res-
idue G. Moreover, connectivity observed between C1 of G
and H3 of B4 (95.8/4.27 ppm) showed that G was linked
to position 3 of B4. Finally, the structural organization around
the branching residue G found in the fucoidan oligosacchar-
ides of the fraction F2 is represented in Scheme II.

Overall, NMR data indicated that fraction F2 was constitut-
ed of oligosaccharides characterized by the same backbone as
fraction F1 with alternate 2,3-O-sulfated fucose unit [α-L-
Fucp-2,3(OSO3)2-1→3] (residue A) and 2-O-sulfated fucose
unit [α-L-Fucp-2(OSO3)-1→4] (residue B), i.e. showing alter-
nate (1→3)- and (1→4)-linkage in agreement with the
polysaccharide backbone ascribed to fucoidan from fucale al-
gae (Kusaykin et al. 2008). However, unlike F1, F2 exhibited
branching chains. In order to determine whether the branching
played a role in the inhibitory effect of the fraction F2 towards
the human complement system (Table I), the interaction of F2
with the protein C4 was studied by STD-NMR analysis.

Characterization of fucoidan interaction with the complement
protein C4 by STD-NMR
We have previously reported a dissociation constant of 5.0 ×
10−6 M of fucoidan interacting with the protein C4 (Tissot et
al. 2003). This value is compatible with STD-NMR experi-
ments, which required KD values between 10−3 and 10−8 M
(Mayer and Meyer 1999; Mayer and Meyer 2001). Thus,
STD-NMR methods were used to pinpoint in 1D spectra, the
STD enhanced proton signals of the fraction F2 in close con-
tact with the protein C4, taking into account that the largest
effect is observed for the closest proton. The 1D STD spectrum
of the fraction F2 in interaction with the protein C4 showed a
significant resonance overlap between 4 and 4.7 ppm, hamper-
ing the specific assignment of the STD signals in this region.
However, clear STD signals could be analyzed for anomeric
and methyl protons (Figure 2 and Table III), which were as-
signed with conventional 2D NMR spectra performed prior
to the STD experiments (Table 1S in Supplementary data). Re-
garding the anomeric region, the largest STD enhancement was
observed for the H1 of the reducing end residue E (5.59 ppm)
(Figure 2C). This latter was therefore used as reference (100%)
for the calibration of the STD effects. Interestingly, significant
STD enhancements were also observed for the H1 (65%) of the
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 3)- α-L-Fucp-2(OSO3-)-(1 4)-α -L-Fucp-2(OSO3-)-(1 3)- α-L-Fucp-2(OSO3-)-(1 4)- α-L-Fucp-2,3(OSO3-)2

(1 3) 
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Scheme II. Structural organization of the branched fucoidan F2.
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residue B4 linked to the C4 position of the residue E (Scheme II),
and for the H1 (62%) of the residue E′ that corresponds to a res-
idue E having lost its 3-O-sulfate group. In addition, the H1 of
residue A1 gave an STD effect (43%) slightly higher than the
one of residue B1 (41%) (Figure 2C). Concerning the methyl
region, the methyl protons belonging to type B residues
(1.34–1.35 ppm) were in average more enhanced (around
25%) than those of the type A residues (1.43–1.46 ppm) (around
20%) (Figure 2B), the strongest enhancements being observed
for the nonreducing residues (C, C′ and D) (Figure 2D).

For comparison, the same study was also undergone with the
synthetic pentasaccharide which contrary to the fraction F2
does not show anticomplementary activity. STD-NMR data ob-
tained for the synthetic pentasaccharide showed that all
residues of the oligosaccharide interacted with the protein C4
(Figure 3). The most enhanced signal was observed for the
methyl group of the octyl chain of the pentasaccharide and
was used as reference (100%) (Figure 3B). Among the differ-
ent residues of the pentasaccharide, the reducing end residue
F showed the strongest enhancements (Figure 3C). Addition-
ally, the methyl protons of residues Bp, D and F exhibited
about twice stronger enhancement than to those of residues
Ap (Figure 3B). Even if the low temperature (279 K instead
of 303 K used for the fraction F2, see Materials and methods
section) used here might favor biomolecular interaction

(Haselhorst et al. 2004; Haselhorst et al. 2007), this STD
experiment showed unambiguously that the pentasaccharide
interacts with the protein C4 despite its lack of anticomple-
mentary activity.
Together, STD-NMR data showed that both fraction F2 and

synthetic pentasaccharide interact with the protein C4, the re-
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Fig. 2. (A) 1D 1H NMR spectrum of the fraction F2 in D2O. (B) 1D STD-NMR spectrum of the fraction F2 in the presence of the protein C4. The selective
saturation of protein protons has been applied at 7 ppm. The methyl groups of the type A and B residues are labeled. Superposition of (C) anomeric and (D) methyl
regions the 1D spectrum of the fraction F2 alone (in black) and the 1D STD-NMR spectrum of the fraction F2 in the presence of the protein C4 (in gray). The
intensity of the 1D STD-NMR spectrum is normalized against the more intense signals of the 1D spectrum. The labeled protons are, among the unambiguously
resolved protons, those being the most affected by the selective saturation of protein.

Table III. STD enhancementa (%) for the fucoidan fraction F2 and the syn-
thetic pentasaccharide in interaction with the protein C4

Fraction F2 Synthetic pentasaccharide

H1 A1 43 H1 F 59
H1 B1 41 H2 F 88
H1 B4 65 H3 F 61
H1 E 100 H4 F 61
H1 E′ 62 H5 F 67
H6 C 34 H6 F 51
H6 C′ 68 H6 Ap

1,2 23
H6 D 36 H6 Bp 54

H6 D 51
CH2α ob 73
CH2β o 67
CH3 o 100

aSTD enhancement was the ratio ISTD/I0 of the STD signal intensity (ISTD) to
the intensity of the corresponding signal in 1D reference spectra (I0) and then
normalized with respect to the largest value.
bProtons of the octyl chain at position C1 of the residue F.
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ducing end residues being in close proximity to the protein.
Moreover, the methyl groups of type B residues appear to be
in closer interaction with the protein than those of type A. The
nonreducing residues seem to be also important for the C4 rec-
ognition. Thus, the protein C4 seems to have preferential
binding sites on the fucoidan oligosaccharides. To delineate
the spatial arrangement of these binding sites, we attempted
to determine the C4-bound conformations of the oligosacchar-
ides using TRNOESY experiments.

Free and C4-bound conformations of the synthetic fucoidan
pentasaccharide
TRNOESY experiments were performed in the same condi-
tions than the ones used for STD-NMR. The fraction F2
encompassing a large number of residues with close chemical

shifts, the 2D TRNOESY spectrum of F2 in interaction with
the protein C4 could not be accurately analyzed. We thus fo-
cused our analysis on the synthetic fucoidan pentasaccharide,
thereafter named DABAFo.

Before studying the C4-bound conformation, we performed
the structural analysis of the free structure of DABAFo at two
temperatures 279 and 303 K. 2D nuclear Overhauser enhance-
ment spectroscopy (NOESY) spectrum recorded at 303 K
showed a smaller number of peaks characterized by a weaker
intensity than those observed at 279 K (Table IV, Figures 4 and
1S). This observation is consistent with a higher flexibility of
DABAFo upon temperature elevation.

The free DABAFo structure, determined by using distance
data (Table IV) derived from 2D NOESY spectra, exhibited
curved conformations at 303 and 279 K ( Figure 5A and B).
According to the glycosidic dihedral angles (Table V), the B–
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A
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octyl  
chain 

H6-D 
and  

H6-F 
H6-Bp 

H6-Ap 

C

H2-F 

H5-F 

CH2α 
octyl 
chain 

CH2 β 
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chain 

H3-F H1-F H4-F 

5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

4.7 4.6 4.5 4.4 4.3 4.2 4.1 4.0 3.7 ppm3.83.9

Fig. 3. (A) 1D 1H NMR spectrum of the synthetic pentasaccharide in D2O. (B) 1D STD-NMR spectrum of the pentasaccharide in the presence of the protein C4.
The selective saturation of protein protons has been applied at 7 ppm. The methyl groups are labeled. (C) Superposition of a region of the 1D spectrum of the
pentasaccharide alone (in black) and the 1D STD-NMR spectrum of the pentasaccharide in the presence of the protein C4 (in gray). Protons, the most affected by the
selective saturation of protein, are labeled.
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A linkages (D–Ap1 and B–Ap2) at 303 K were more flexible
(particularly the Ψ angles) than the A–B linkages (Ap1–B and
Ap2–F). Nevertheless, the flexibility of the B–A linkages de-

creased with temperature as showed by Φ and Ψ values at
279 K. As a consequence, the methyl groups of residues B
lined up on a same side along the oligosaccharide backbone
in the average free structure at 279 K (Figure 5B).
2D TRNOESY experiment was performed at 279 K for the

structural analysis of C4-bound DABAFo (Figures 4C and
1Sc). Compared to the NOESY, the TRNOESY showed addi-
tional peaks corresponding to TRNOEs induced upon C4
binding. Moreover, some peaks were reinforced in the presence
of C4, for example H1 Ap2/H5 F and H1 Ap1/H5B, revealing
conformation changes upon complex formation (Figure 4C).
The C4-bound calculated structures derived from interglycosi-
dic TRNOEs (Table IV) were characterized by well-defined
glycosidic dihedral angles (Table V) coherent with a rather ri-
gidity of the pentasaccharide in the complex. Unlike curved
conformations observed for the average free structures, the av-
erage bound structure of DABAFo showed a regular linear
conformation with sulfate and methyl groups of residues A
and B pointing in opposite directions (Figure 5C). In this linear
conformational arrangement, three sulfate groups are carried
by the side of residues A methyl groups whereas four sulfate
groups are on the side of residues B methyl groups. Therefore,
this latter side is the most negatively charged (Figure 5C). As
methyl groups of residues B are in closer protein contact than
methyl groups of residues A according to STD-NMR data, we
assumed that binding to protein C4 involves the most negative-
ly charged side of the pentasaccharide.
Interestingly, the conformation of the bound state of the pen-

tasaccharide appears close to the free structure observed at
279 K. As at this low temperature, we noted that this free state
of the pentasaccharide was also more constrained, we suggest
that this more rigid conformational behavior of the molecule
may be a key point in the fucoidan-C4 recognition.
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Table IV. Interglycosidic NOEs and TRNOEs observed for the synthetic
pentasaccharide DABAFo in free and C4-bound forms, respectively

Protons pairs

Intensitya

Free DABAFo C4-bound DABAFo

279 K 303 K 279 K

H1 D/H4 Ap1 m m s
H1 D/H3 Ap1 – – w
H1 D/H6 Ap1 w w w
H5 D/H2 Ap1 – m m
H3 D/H2 Ap1 – – w
H6D/H1 Ap1 – – w
H1 Ap1/H3 B s s s
H1 Ap1/H4 B s s s
H1 Ap1/H5 B – w m
H2 Ap1/H4 B w w m
H1 B/H4 Ap2 s s s
H1 B/H5 Ap2 – – w
H1 B/H3 Ap2 – – w
H1 B/H6 Ap2 w w w
H5 B/H2 Ap2 m m m
H3 B/H2 Ap2 m – –
H3 B/H6 Ap2 w m m
H6 B/H2 Ap2 – – w
H6 B/H1 Ap2 – – w
H1 Ap2/H3 F s s s
H1 Ap2/H4 F s s s
H1 Ap2/H5 F – w m
H2 Ap2/H4 F – w m
H5 Ap2/H3 F w w m

a

s, strong; m, medium; w, weak.

H1Ap2/H5FH1Ap2/H5F

H1Ap1/H5B

A

H1Ap1/H5B

B C

Fig. 4. Anomeric region of the 2D NOESY spectrum of the pentasaccharide DABAFo at (A) 303 K (4 mM) and (B) 279 K (240 µM) in D2O. (C) Anomeric region
of the TRNOESY spectrum of DABAFo recorded at 279 K in the presence of the protein C4 with a 100:1 pentasaccharide:protein ratio (240 µM pentasaccharide
and 2.4 µM protein) in 135 mM NaCl, 15 mM sodium phosphate buffer pH 7.2. Spectra were recorded at 600 MHz with a mixing time of 200 ms. Two
interglycosidic NOEs showing changes in pentasaccharide conformation behavior are labeled upon (B) a decrease of temperature and (C) upon interaction with the
protein C4.
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Influence of side chains on the conformation of the fucoidan
oligosaccharide backbone
Unlike the inactive pentasaccharide DABAFo, the anticomple-
mentary fraction F2 exhibited a branching point. In order to
determine the influence of side chain(s) on the conformation
of the oligosaccharide backbone and its/their contribution(s)
to the anticomplementary activity of F2, we have carried out

the molecular modeling of a branched pentasaccharide (D(A)
GBAFo) and compared it to the linear structure DABAFo.

As a first step, the conformational behaviors of two disac-
charides representative of the two linkages (A–B and B–A)
founded in the pentasaccharide DABAFo were determined
by building Φ/Ψ/Energy maps (Figure 6). As observed above
by NMR, the B–A linkage appeared more flexible (particularly
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Fig. 5. Average structures of the pentasaccharide DABAFo obtained in solution from NMR data at 303 K (A) and 279 K (B) and in presence of C4 (C). A dashed
line brackets the pentasaccharide side that is in closer contact with the protein C4 according to STD-NMR data. The name of each residue is labeled at the level of
its methyl group. The molecules are visualized with Sirius software (http://sirius.sdsc.edu/).
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the Ψ angle) than the A–B linkage. The Φ and Ψ angle values
corresponding to the lowest energy region of each linkage
were used as constraints to model the pentasaccharide DABA-
Fo and the branched structure D(A)GBAFo. The modeling of
DABAFo based on the Φ/Ψ/Energy map led to calculated
structures very close to the free structures determined by
NMR (Table V). With regard to the calculated structures of
the branched oligosaccharide D(A)GBAFo, the introduction
of a side chain led to a decrease of flexibility of both B–
A-type linkages D–Ap1 and B–Ap2 (Table V) and resulted
in a conformation close to the one recognized by the protein
C4 (Figure 2S in Supplementary data). Hence, it can be as-
sumed that ramification may increase the affinity of branched
fucoidan for the protein C4 and led to a stronger anticomple-
mentary activity as observed for the fraction F2.

Conclusion

Fucoidans are considered as branched polysaccharides; howev-
er, their ramifications are rarely studied. Indeed the structural
heterogeneity and the random sulfation of the polysaccharide
chain make the characterization and localization of the branch-
ing points difficult. The fucoidan fraction F2 studied here
exhibited a ramified structure, whose branching residue G
was completely characterized. Residue G was fully substituted
with a sulfate group at position 2 and glycosidic bonds at posi-
tions 1, 3 and 4. The ramifications of this fucoidan fraction
derived from the fucale algae A. nodosum appeared to be short
side chains of fucosyl residues as reported for fucoidan derived
from other algae species (Bilan et al. 2006; Kusaykin et al.
2008). STD-NMR experiment allowed us to identify the reduc-
ing end residues and the methyl group of type B residues as
being in close contact with the protein C4, likely to being re-
sponsible for an effective interaction with the complement
protein. Moreover, as the nonreducing end residues could be al-
so involved in C4 recognition, the presence of ramification

could offer additional binding sites, leading to a higher activity
of the ramified oligosaccharides compared to linear structures.
Besides, biologically important carbohydrate–protein interac-
tions such as in heparin/heparan sulfate-growth factor
complexes appear to be driven not only by the charge distribu-
tion but also by the conformational flexibility (Mulloy 2005;
Skidmore et al. 2008). It has been shown recently that the induc-
tion of the acrosome reaction by sulfated galactans depended on
the flexibility of the glycosidic linkages and the anomeric con-
figuration, which led to a proper spatial arrangement for
interaction with specific receptors (Castro et al. 2009).
TRNOESYexperiment and molecular modeling of fucoidan oli-
gosaccharides indicated that the presence of side chains reduces
the flexibility of the backbone, which adopts a conformation
close to the one recognized by the protein C4. As a conse-
quence, the oligosaccharide epitopes in close contact with the
protein appeared to be placed in the appropriate 3D orientation
to allow effective interactions. Together, the results suggest that
branching of fucoidan oligosaccharides plays a major role in
their anticomplementary activity at the conformational level.

Materials and methods
LMW fractions of fucoidan
Fucoidan fractions used in this study were issued from crude
fucoidan extracted from the brown algae A. nodosum as previ-
ously published (Mabeau et al. 1990; Colliec et al. 2004).
LMW fraction F1 (MW 3090 g mol−1, sulfate content 37%)
was prepared by acid hydrolysis and centrifugal partition chro-
matography as previously reported. LMW fraction F2 (MW

3200 g mol−1, sulfate content 34%) was prepared by radical
hydrolysis and anion exchange chromatography as previously
reported (Nardella et al. 1996). The molecular weights were
determined by high-performance size-exclusion chromatogra-
phy using the 1st International Reference Preparation Low
Molecular Weight Heparin as calibrant (Mulloy et al. 1997).
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Table V. The glycosidic dihedral angles (Φ, Ψ) of the 10 lowest energy conformations of the pentasaccharide DABAFo in free and C4-bound forms and of the
branched structure D(A)GBAFo

Glycosidic dihedral
angles Φ/Ψ

(°)

NMR data Molecular modeling data

Free DABAFo C4-bound DABAFo

DABAFo D(A)GBAFo303 K 279 K 279 K

D-Ap
1 Min −80/−98 −80/−100 −103/−160 −80/−101 −100/−155

Max −105/−160 −105/−160 −107/−162 −105/−159 −106/−160
Average −93/−133 −95/−143 −106/−161 −96/−143 −104/−158
SD 11/29 9/22 1/1 10/23 2/2

Ap
1-B Min −69/−74 −71/−72 −102/−73 −71/−71 −71/−75

Max −81/−83 −78/−81 −107/−77 −85/−84 −78/−81
Average −73/−79 −73/−76 −105/−75 −75/−79 −74/−78
SD 4/4 2/3 1/1 4/5 3/2

B-Ap
2 Min −78/−96 −96/−150 −101/−161 −80/−108 −92/−142

Max −99/−143 −111/−161 −106/−163 −106/−157 −110/−157
Average −89/−133 −103/−156 −103/−161 −98/−148 −102/−152
SD 5/18 5/4 2/1 8/15 2/1

Ap
2-F Min −73/−69 −73/−70 −95/−73 −72/−71 −71/−72

Max −78/−81 −80/−81 −98/−75 −77/−77 −81/−83
Average −76/−74 −75/−75 −96/−74 −74/−74 −75/−77
SD 2/4 3/4 1/1 2/2 4/4

SD, standard deviation.
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The synthetic fucoidan pentasaccharide (MW 1420 g mol−1)
was synthesized as previously reported. Other chemicals and
reagents were obtained from current commercial sources at
the highest level of purity available. All buffers and sample
solutions were prepared with ultrapure quality water (milliQ
system, Millipore, Milford, MA).

Hemolytic assay of the anticomplementary activity in whole
serum
The anticomplementary activity of the fucoidan fractions and of
the synthetic pentasaccharide was assessed as described else-
where. Briefly, the determination of IC50 was performed as
follows: 350 μL of normal human serum (1/100 in veronal-
buffered saline [VBS2]) was incubated with 450 μL of VBS2

containing 0–50 μg of fucoidan and 200 μL of antibody-
sensitized sheep erythrocytes at 108 cells/mL, for 45 min at
37°C. After dilution in cold 0.15 M NaCl solution (2 mL)
and centrifugation, the residual CH50 units of the supernatants
were determined by measurement of the optical density at
414 nm and IC50 was then determined.

NMR analysis
All NMR experiments were performed on a Bruker Avance
600-MHz NMR spectrometer equipped with a cryoprobe, and
data were processed using XWINNMR (Bruker, Rheinstetten,
Germany) software. Sodium [3-trimethylsilyl 2,2′,3,3′-2H4]
propionate (TSP-d4) was used as an internal reference for pro-
ton chemical shifts.

The synthetic pentasaccharide and the fraction F2 were ex-
changed twice with 99.8% D2O (Saint Quentin Fallavier,
France) with intermediate lyophilization and dissolved at
4 mM in 500 µL 100% D2O. 1D proton spectra were acquired
with 64 scans and 16 K data points. For 1H and 13C assign-
ments, 2D double quantum filtered COSY, total correlation
spectroscopy (TOCSY), NOESY, rotating-frame Overhauser
enhancement spectroscopy (ROESY), heteronuclear single
quantum coherence (HSQC) and HMBC spectra were re-
corded. The TOCSY experiments were acquired using the
MLEV17 sequence with a mixing time of 80 ms. In the 2D
NOESY and ROESY experiments, the mixing period was 200
and 300 ms, respectively. All 2D experiments were carried out
with 2048 data points × 512 increments × 64 scans and a spec-
tral width of 3000 Hz in both dimensions. The data were zero-
filled to give 4096 × 1024 data matrix prior to Fourier transfor-
mation. All NMR analyses of the oligosaccharide:C4
complexes including STD-NMR and TRNOESY were carried
out with 2.4 μM protein C4 prepared in 135 mM NaCl, 15 mM
sodium phosphate buffer pH 7.2 containing 240 µM oligosac-
charide, i.e. a 100:1 ligand:protein ratio. Concerning the
pentasaccharide, experiments have been performed at low tem-
perature (279 K) in order to shift the large water peak away
from pentasaccharide resonances. 1D STD-NMR experiments
were recorded with 4096 scans. The protein resonances were
saturated at 7 ppm (40 ppm for reference spectra) with a cascade
of 40 selective Gaussian-shaped pulses of 50-ms duration, with
a 1-ms delay between each pulse, resulting in a total saturation
time of 2.04 s. The irradiation value at 7 ppm was far enough
from the closest oligosaccharide resonance (at 5.3 ppm for
anomeric proton) to avoid direct irradiation of the ligand
(Meyer and Peters 2003) as verified by recording a control
STD spectrum without protein (data not shown). Subtraction
of saturated spectra from reference spectra was performed by
phase cycling. STD enhancements were calculated by dividing
the STD signal intensities (ISTD) by the intensities of the
corresponding signals in 1D reference spectra (I0) and then the
ratios of the intensities ISTD/I0 were normalized in relation to
the largest value (Meyer and Peters 2003;Haselhorst et al. 2007).
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Fig. 6. Φ/Ψ Energy maps of disaccharides A–B and B–A. Iso-energy contour
lines are graduated in 1 kcal/mol increments above the global minimum within
a 7 kcal/mol window. The global minimum of each disaccharide is indicated
with an asterisk (*). The contour lines of the lowest and highest energy region
are represented in bold and dashed lines, respectively.
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Structure calculations
Distance constraints for structure calculations of the pentasac-
charide DABAFo free or in interaction with C4 were derived
from 200-ms mixing time NOESY or TRNOESY spectra. The
cross-peak volume was measured with NMRView (Johnson
and Blevins 1994) and converted to distances using the rela-
tionship Iij / Iref = (rref / rij)

6 (Baleja et al. 1990) with the
distance between H4 F and H5 F (2.60 Å) as a reference. Then,
the interglycosidic NOEs observed for the pentasaccharide
DABAFo free or in interaction with C4 were classified accord-
ing to their intensities as strong, medium and weak and
translated to distance constraints of 1.8–2.8 Å, 1.8–3.5 Å
and 1.8–5 Å, respectively, for molecular modeling. The struc-
tures of the pentasaccharide were calculated with TINKER 3.4,
http://dasher.wustl.edu/tinker/ (Hodsdon et al. 1996) using the
MM3 force field (Allinger et al. 1989; Lii and Allinger 1989a;
Lii and Allinger 1989b). MM3 parameters for the sulfate
groups were taken from Lamba et al. (1994). Forty initial mod-
els were generated by distance geometry (DISTGEOM) and
energy-minimized with the programMINIMIZE. The 10 lowest
energy structures with a maximum distance violation of no
more 0.1 Å were analyzed.

Conformational behavior of the pentasaccharide was ana-
lyzed using Φ/Ψ energy maps built for the two types of
disaccharides, A–B and B–A, comprising the pentasaccharide
as follows. The calculations were performed on minimized dis-
accharides using the INSIGHT II-DISCOVER module
(Accelrys, Inc., San Diego, CA). The Φ and Ψ torsion angles
(defined according to the International Union of the Pure and
Applied Chemistry recommendations (ref) as Φ = O5–C1–O1–
C′x and Ψ = C1–O1–C′x–C′x +1) were driven by steps of 10°
over the whole angular range. At each step, the disaccharide
was energy-minimized. The Φ/Ψ energy maps were generated
with the program GNUPlot-4 (www.gnuplot.info). Iso-energy
contours were plotted at intervals of 1 kcal/mol above the global
minimum within a 7 kcal/mol window.

In order to determine the influence of a side chain residue A
on the conformation of an oligosaccharide backbone, made of
alternate residues A and B, structure calculations were per-
formed for the branched (D(A)GBAFo) or the linear
(DABAFo) pentasaccharide with TINKER as described above.
For each glycosidic linkage, the values of dihedral angles de-
limiting the lowest energy region of the Φ/Ψ energy maps
were used as angle constraints. The disaccharide and pentasac-
charide structures were built using the SWEET II program
(Bohne et al. 1999).

Supplementary data

Supplementary data for this article is available online at http://
glycob.oxfordjournals.org/.
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