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Synthesis of low-molecular weight fucoidan derivatives and their 
binding abilities to SARS-CoV-2 spike proteins 
Tatsuki Koike,a Aoi Sugimoto,a Shuhei Kosono,a Sumika Komaba,a Yuko Kanno,a Takashi Kitamura,a 
Itsuki Anzai,b Tokiko Watanabe,b Daisuke Takahashi*a and Kazunobu Toshima*a

Fucoidan derivatives 10-13, whose basic sugar chains are composed of repeating (1,4)-linked L-fucopyranosyl residues with 
different sulfation patterns, were designed and systematically synthesized. A structure-activity relationship (SAR) study 
examined competitive inhibition by thirteen fucoidan derivatives against heparin binding to the SARS-CoV-2 spike (S) 
protein. The results showed for the first time that 10 exhibited the highest inhibitory activity of the fucoidan derivatives 
used. The inhibitory activity of 10 was much higher than that of fondaparinux, the reported ligand of SARS-CoV-2 S protein. 
Furthermore, 10 exhibited inhibitory activities against the binding of heparin with several mutant SARS-CoV-2 S proteins, 
but was found to not inhibit factor Xa (FXa) activity that could otherwise lead to undesirable anticoagulant activity.

Introduction
The coronavirus disease 2019 (COVID-19) pandemic, caused by 
severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-
2), is evolving rapidly worldwide and changing economic and public 
health conditions. To date, it has infected over 110 million people 
and caused more than 2.5 million deaths globally,1 prompting rapid 
vaccine development and distribution and drug discovery research. 
Various drug candidates in development include agents to interfere 
with virus attachment to host cells.2 Previous studies suggest that 
when SARS-CoV-2 enters host cells, SARS-CoV-2 spike (S) protein, 
consisting of S1 and S2 subunits, interacts with heparan sulfate (HS) 
on the cell surface through the S1/S2 proteolytic cleavage site. The 
receptor-binding domain (RBD) in the S1 subunit and/or S2 subunit 
then facilitate binding to high affinity receptor angiotensin-
converting enzyme 2 (ACE-2) to infect host cells effectively.2,3 Some 
fucoidans (sulfated polysaccharides derived from seaweed and sea 
urchin) can reportedly bind to the SARS-CoV-2 S protein and 
effectively inhibit virus infection.4 Fucoidan is thus a potential anti-
SARS-CoV-2 agent, and elucidation of the detailed structure-activity 
relationship (SAR) for its binding to the SARS-CoV-2 S protein has 
attracted much attention.5 In general, fucoidans can be classified into 
the three groups shown in Fig. 1.6 One group (type I) includes the 
fucoidans isolated from, for example, Cladosiphon okamuranus and 
Chorda filum, whose basic sugar chains are composed of repeating 
(1,3)-linked L-fucopyranosyl residues. The second group (type II) 
includes fucoidans isolated from, for example, Ascophyllum nodosum 
and Fucus vesiculosus, whose basic sugar chains are composed of 

repeating (1,3)- and (1,4)-linked L-fucopyranosyl residues. The 
third group (type III) includes the fucoidans isolated from, for 
example, Strongylocentrotus droebachiensis and Arbacia lixula, 
whose basic sugar chains are composed of repeating (1,4)-linked L-
fucopyranosyl residues. However, the structural heterogeneity and 
ununiformity of the sulfation patterns of naturally occurring 
fucoidans makes it difficult to conduct detailed SAR studies. We 
recently systematically synthesized type I and II fucoidan derivatives 
1-9 with different sulfation patterns (Fig. 2) and evaluated their 
apoptosis-inducing activities against human cancer cells and their 
binding 

Fig. 1 Three types (I-III) of homofucose chains in fucoidans.
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ability to influenza virus hemagglutinin (HA). The results showed that 
fucoidan derivative 7 possesses apoptosis-inducing activity against 
breast cancer MCF-7 and cervical epithelioid carcinoma HeLa cells.7 
In addition, fucoidan derivative 5 binds to influenza virus HA at the 
same binding site as the native sialoside ligand, inhibiting influenza 
virus infection.8 In this context, here we designed and synthesized 

type III fucoidan derivatives with different sulfation patterns. In 
addition, we conducted a SAR study of competitive inhibition using 
thirteen fucoidan derivatives against heparin binding to the SARS-
CoV-2 S protein. 

Fig. 2 Chemical structures of the fucoidan derivatives 1-13 and the common key intermediates 14-16.

Scheme 1 Synthetic scheme for 16 and type III fucoidan derivatives 10-13. PMB = p-methoxybenzyl;  Et = ethyl; Me = methyl; Bn = benzyl;  Bz = benzoyl; 
Tf = trifluoromethanesulfonyl; NIS = N-iodosuccinimide; MS = molecular sieves; DBU = 1,8-diazabicyclo[5,4,0]undec-7-ene; DDQ = 2,3-dichloro-5,6-
dicyano-p-benzoquinone; Ac = acetyl; DMAP = 4-dimethylaminopyridine.
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Results and Discussion
Synthesis of type III fucoidan derivatives 10-13

The designed type III fucoidan derivatives 10-13 with different 
sulfation patterns (2,3-O-sulfated type 10, 3-O-sulfated type 11, 2-O-
sulfated type 12 and non-sulfated type 13) are shown in Fig. 2. As 
shown in Scheme 1, we planned to synthesize 10-13 utilizing 
common key intermediate 16 with three types of protecting groups 
(benzyl (Bn), benzoyl (Bz) and p-methoxybenzyl (PMB)) at 
appropriate positions. Inititially we synthesized 16. Thioglycoside 17 
and trichloacetimidate 18 were prepared from L-fucose in 8 and 11 
steps, respectively. Chemoselective glycosylation of 17 and 18 using 
Yb(OTf)3 as an activator at −60 oC gave 19 with complete -
stereoselectivity. Hydrolysis of 19 using NIS/Sc(OTf)3, followed by 
trichloroacetimidate formation, provided disaccharide donor 21. 
Coupling reaction of 21 and 1-octanol using Yb(OTf)3 at −60 oC 
proceeded to give 22 with complete -stereoselectivity. 
Deprotection of the Bz group on 22 affored disaccharide acceptor 23 
in high yield. Next, we examined the glycosylation of 21 and 23 using 
Yb(OTf)3 in Et2O at 0 oC. The reaction proceeded smoothly to provide 
the desired key intermediate 16 in 78% yield as a single isomer. We 
next synthesized the designed type III fucoidan derivatives 10-13 
from 16. Deprotection of the Bn and PMB groups on 16 under 
hydrogenolysis conditions, followed by methanolysis, provided the 

non-sulfated fucoidan derivative 13. Sulfation of 13 using SO3·NEt3 
complex in DMF gave all-sulfated 10. Alternatively, selective 
deprotection of the PMB groups on 16 using DDQ, followed by 
acetylation, hydrogenolysis, sulfation using the SO3·NEt3 complex in 
DMF and saponification, provided 2-O-sulfated tetrasaccharide 12. 
Deprotection of the PMB groups on 16, followed by methanolysis, 
sulfation, and hydrogenolysis, afforded the desired 3-O-sulfated 
tetrafucoside 11.

(a)

(b)                                                     (c)

Fig. 3 Partial BLI sensor-grams for measuring the binding affinities of 
SARS-CoV-2 S protein to heparin. (a) Biotinylated heparin (0 nM-181.8 
nM) was immobilized to streptavidin biosensors which were then 
exposed to SARS-CoV-2 S protein (1 µM). (b) Plot of the BLI signal of the 
heparin-dose response of the binding affinity of SARS-CoV-2 S protein. 
(c) Binding kinetics was analyzed by fitting the 1:1 Langmuir model to 
evaluate the dissociation constant (Kd).

(a)

(b)

Fig. 4 (a) Chemical structure of fondaparinux (24). (b) Inhibitory 
activities of fucoidan derivatives 1-13 and 24 for binding between SARS-
CoV-2 S protein and heparin. BLI biosensors with immobilized heparin 
were dipped into a solution of SARS-CoV-2 S protein (1 µM) and each 
fucoidan derivative 1-13 and 24 (50 µM) in 0.02% BSA/TBS. Inhibition 
rate (%) was determined by the decrease in the BLI signal. 

Fig. 5 Partial BLI sensor-grams of the competition assay between 10 and 
heparin. Biosensors with immobilized heparin were dipped into a 
solution containing SARS-CoV-2 S protein (1 µM) and 10 (0-500 µM). IC50 
was evaluated by the inhibition rate using GraphPad Prism. 
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Binding affinity of heparin to SARS-CoV-2 S protein

With the thirteen designed fucoidan derivatives in hand, we used 
bio-layer interferometry (BLI) to study the binding of the fucoidan 
derivatives to wild type SARS-CoV-2 S protein (S1 and S2). First, the 
BLI sensor tips functionalized with streptavidin were modified with 
different concentrations (0, 22.7, 45.5, 90.9, and 181.8 nM) of 
heparin-biotin. Next, each sensor chip was treated with 1 M SARS-
CoV-2 S protein (S1 and S2) in TBS (20 mM Tris, pH 7.4, containing 
0.02% BSA) for 5 min. The corresponding BLI spectra for real-time 
monitoring of binding between heparin and SARS-CoV-2 S protein 
are shown in Fig. 3a. The BLI response signal increased in a 
concentration-dependent manner, and the dissociation constant (Kd) 
was calculated using the 1:1 Langmuir model to be 36.0 nM (Figs. 3b 
and 3c), in good agreement with reported data.2b

SAR study using 1-13 for competitive inhibition against heparin 
binding to SARS-CoV-2 S protein

Next, to measure the inhibitory activities of fucoidan derivatives 1-
13 for the binding between SARS-CoV-2 S protein and heparin, BLI 
biosensors with immobilized heparin were dipped into a solution of  
SARS-CoV-2 S protein (1 µM) and each fucoidan derivative 1- 13 (50 
µM) in TBS. The FDA-approved heparin drug fondaparinux (24)9 (Fig. 
4a), a known binder3c to SARS-CoV-2 S protein, was used as a control. 
The results are shown in Fig. 4. All-sulfated type 10, with a type III 
sugar backbone chain, exhibited the highest inhibitory activity, 
followed by all-sulfated type 5 with a type II sugar backbone chain. 
Non-sulfated type 4, 9, and 13 showed almost no inhibitory activity. 
Interestingly, all-sulfated type 1 with a type I sugar backbone chain 
exhibited low inhibitory activity (less than 10%). These results clearly 
indicate that slight differences in the sugar backbone chain and in the 
pattern of sulfate groups in 1 to 13 significantly affect inhibitory 
activity. Furthermore, the inhibitory activity of 10 was much higher 
than that of 24.

Binding affinity of 10 to several SARS-CoV-2 S proteins

Next, we measured the binding affinity of 10 to SARS-CoV-2 S protein 
using a competition assay. As shown in Fig. 5, the BLI signal 
decreased in a dose-dependent manner when the biosensor with 
immobilized heparin was incubated with a solution of SARS-CoV-2 S 
protein (1 M) and different concentrations of 10 (0-500 M). The 
IC50 value was calculated by nonlinear regression analysis using 
GraphPad Prism software to be 86.9 M. In addition, the Ki value was 
calculated to be 3.02 µM using the Cheng-Prusoff equation,10 

indicating high affinity of compound 10 to SARS-CoV-2 S protein. 
Next, to show the generality and efficiency of compound 10, the 
binding affinities of 10 to mutated SARS-CoV-2 S proteins derived 
from variants of concern (B.1.1.7, B.1.351, and P.1)11 were evaluated 
by the same competition assay. It was found that 10 effectively 
bound to the three mutant SARS-CoV-2 S proteins in a dose 
dependent manner. The IC50 values were 35.0 µM, 85.9 µM and 65.6 
µM for B.1.1.7, B.1.351, and P.1, respectively, as shown in Fig. 6, and 
the Ki values were calculated to be 10.1 µM, 6.67 µM and 6.98 µM, 
respectively. These results indicate that 10 can effectively inhibit the 
binding process between mutant SARS-CoV-2 S proteins and surface 
heparin.

Anti-factor Xa activities of 10 and 24 

Anti-coagulant activity is a possible and serious side effect of the use 
of heparin drugs, including 24, because these drugs can bind to 
antithrombin (AT III) and inactivate factor Xa (FXa), which leads to 
blood clot formation by converting prothrombin to thrombin 
through the prothrombinase complex.12 Thus, to show the efficacy of 
fucoidan derivative 10, the enzyme inhibitiory activity of 10 against 
FXa was examined using a Fxa-specific chromogenic substrate in Tris-
EDTA buffer (50 mM Tris, 175 mM NaCl, 7.5 mM EDTA, 0.1% PEG, 0.9 
g/L NaN3, pH 8.4). The results are summarized in Fig. 7. When 24 was 
used as a control compound, significant inhibitory activity was 
observed in a concentration-dependent manner. In sharp contrast, 
when compound 10 was used under the same conditions, no 
inhibitory activity against FXa was observed even at a high 
concentration (10 g mL-1), indicating that compound 10 is a 

Fig. 6 Binding affinities of 10 to the mutant SARS-CoV-2 S proteins (B.1.1.7, B.1.351 and P.1). BLI biosensors with immobilized heparin were dipped into 
a solution of 10 (1.5-500 µM) and each mutant SARS-CoV-2 S protein (1 µM) in 0.02% BSA/TBS. Bound (%) was determined by the response of the BLI 
signal. IC50 values were calculated using GraphPad Prism software. Ki values of 10 to the mutant SARS-CoV-2 S proteins were calculated based on the 
IC50 values according to the Cheng-Prusoff equation.
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promising candidate as an effective SARS-CoV-2 entry inhibitor 
targeting SARS-CoV-2 S protein.

 Conclusions
In conclusion, purpose-designed fucoidan derivatives 10-13 
possessing a type III sugar backbone chain with different 
sulfation patterns were systematically synthesized. A SAR study 
of competitive inhibition by fucoidan derivatives 1-13 against 
heparin binding to the SARS-CoV-2 S protein showed for the first 
time that 10 exhibited the highest inhibitory activity of the 
compounds synthesized, and the inhibitory activity of 10 was 
much higher than that of the known binder fondaparinux (24). 
Furthermore, 10 exhibited significant inhibitory activties for 
binding not only between heparin and wild type SARS-CoV-2 S 
protein, but also the three mutant SARS-CoV-2 S proteins of the 
variants of concern B.1.1.7, B.1.351 and P.1. Moreover, 10 did 
not inhibit FXa activity that could lead to undesirable 
anticoagulant activity. These results are expected to contribute 
to the development of effective new SARS-CoV-2 entry 
inhibitors targeting SARS-CoV-2 S protein.
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