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a b s t r a c t

Chondroitin sulfate tetrasaccharide ligand conjugates, namely GlcA-GalNAc6S-GlcA-GalNAc4S6S (CS-
C+E) 1, GlcA2S-GalNAc6S-GlcA2S-GalNAc4S6S (CS-D+T) 2, GlcA-GalNAc4S6S-GlcA-GalNAc4S (CS-E+A)
3, GlcA-GalNAc4S6S-GlcA-GalNAc6S (CS-E+C) 4, and GlcA-GalNAc4S6S-GlcA-GalNAc4S6S (CS-E+E) 5,
were systematically synthesized using a disaccharide building block 6. Synthesized CS tetrasaccharide
structures were immobilized onto gold-coated chips to prepare array-type sugar chips, and the binding
properties of protein were evaluated by surface plasmon resonance imaging biosensor. CS-D+T, CS-E+A,
CS-E+C, and CS-E+E showed greater affinity for basic fibroblast growth factor than did other tetrasaccha-
rides (CS-C+D, C+E, D+D).

� 2015 Elsevier Ltd. All rights reserved.
Chondroitin sulfate (CS) is a glycosaminoglycan (GAG), that is,
widely distributed throughout various tissues as components of
the cell membrane or extracellular matrix. CS possesses a repeating
disaccharide structure, that is, composed of glucuronic acid (GlcA)
and N-acetylgalactosamine (GalNAc), and it is often sulfated
heterogeneously by multiple and random enzymatic modifications
during its biosynthesis.1 The structure of CS is classified on the
basis of the disaccharide unit; type A (CS-A), type C (CS-C),
type D (CS-D), and type E (CS-E) units are the major disaccharide
structures known from natural sources to date. CS-E, containing a
4, 6-disulfated GalNAc moiety, interacts with various bioactive
proteins, such as growth factors, cytokines, and extracellular
matrix proteins, and regulates their biofuctions.2–8 Therefore, the
structure–activity relationship of the CS-E unit at the molecular
level has been intensively studied to gain understanding of its
biofunction.

Although much effort9–22 has been invested to obtain a struc-
turally defined CS-E oligosaccharide, the synthesis of oligosaccha-
rides containing a CS-E unit is still challenging. In particular, the
synthesis of a hetero-dimeric CS tetrasaccharide structure has
not been reported. In this study, we attempted the systematic syn-
thesis of CS tetrasaccharide ligand conjugates containing homo- or
hetero-dimeric CS-E structures and their analogs. Additionally, we
used surface plasmon resonance (SPR) imaging to investigate the
binding properties of CS-binding proteins using the tetrasaccharide
structures we had synthesized.

For efficient syntheses of the CS tetrasaccharide structures 1–5
(Fig. 1), trifluoroimidates 9 and 13 were prepared as glycosyl
donors; these compounds were utilized for the generation of CS-
C and -D and CS-E units, respectively (Scheme 1). Trifluoroimidate
9 was induced by selective ring-opening of the benzylidene group,
whereas trifluoroimidate 13 was induced by acidic hydrolysis of
the benzylidene group. For both compounds, the induction was fol-
lowed by levunylation from the disaccharide building block 6.

Synthesis of the acceptor moiety was carried out as shown in
Scheme 2. Three kinds of acceptor moieties were derived from a
common trisaccharide intermediate 14. Desilylation of the 400

position yielded acceptor 15, which was used for the construc-
tion of the CS-E and -T units. After selective ring-opening of
the benzylidene group and levulinoylation, removal of the tert-
butyldimethylsilyl (TBDMS) group yielded acceptors 18 and 20,
which were used for construction of the CS-A and CS-C units,
respectively.
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Figure 1. Tetrasaccharide structures 1-5.
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Scheme 1. Synthesis of glycosyl donor 9 and 13. Reagents and conditions: (a) Et3SiH, PhBCl2 in CH2Cl2, �78 �C, 10 min; LevOH, DMAP, DCC in CH2Cl2, rt, 2 h, 90% (2 steps); (b)
Ir[(cod)(PMePh2)2]PF6, H2 in THF, rt, 30 min; I2, H2O in THF, rt, 1 h, 93% (2 steps); (c) CF3C(@NPh)Cl, K2CO3 in CH2Cl2, 18 h; (d) TFA, H2O in CH2Cl2, 0 �C, 2 h, 89%; (e) LevOH,
DMAP, DCC in CH2Cl2, rt, 2 h, 97%; (f) Ir[(cod)(PMePh2)2]PF6, H2 in THF, rt, 30 min; I2, H2O in THF, rt, 1 h, 98% (2 steps); (g) CF3C(@NPh)Cl, K2CO3 in CH2Cl2, 12 h.

14
O

PNBO
OBz

COOMe
O

TrocHN

BnO OLev

OTBDMSO
O

BnO OBnBnO

OBn

Oe f O
PNBO

OBz

COOMe
O

TrocHN

BnO OLev

OHO
O

BnO OBnBnO

OBn

O

19 20

O
PNBO

OBz

COOMe
O

TrocHN

O
O

OHO
O

BnO OBnBnO

OBn

O

Ph

15

O
PNBO

OBz

COOMe
O

TrocHN

LevO OBn

OHO
O

BnO OBnBnO

OBn

O

16, R1=H
17, R1=Lev

c

d
14

O
PNBO

OBz

COOMe
O

TrocHN

R1O OBn

OTBDMSO
O

BnO OBnBnO

OBn

Ob

a

18

O
PNBO

OBz

COOMe
O

TrocHN

O
O

OTBDMSO
O

BnO OBnBnO

OBn

O

Ph

14

Scheme 2. Syntheses of glycosyl acceptor 15, 18, and 20. Reagents and conditions: (a) HF�pyridine in THF, Pyr., 0 �C ? rt, 24 h, 97%; (b) Et3SiH, TfOH in CH2Cl2,�78 �C, 10 min,
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K. Miyachi et al. / Bioorg. Med. Chem. Lett. 25 (2015) 1552–1555 1553
With these glycosyl donors and acceptors, we then attempted
the synthesis of pentasaccharides and their ligand conjugates
(Scheme 3). Glycosylation with an appropriate combination of gly-
cosyl donor and acceptor was carried out in the presence of
trimethylsilyl trifluoromethanesulfonate (TMSOTf) to produce the
corresponding pentasaccharides. The pentasaccharides so obtained
were then converted into CS tetrasaccharide structures and their
ligand conjugates via a suitable deprotection and sulfation proto-
col. Pentasaccharides 21, 22, 23, and 24 were treated with a Zn–
Cu couple in AcOH, and the amino groups were acetylated.
Selective deprotection of the levulinoyl (Lev) group was performed
by using hydrazine hydrate in the presence of AcOH. The benzoyl
(Bz) groups and methyl esters were hydrolyzed under basic
conditions (with NaOH). The resulting free hydroxyl groups were
sulfated with a sulfur trioxide-pyridine complex at 50–60 �C.
After deprotection of the TBDMS group with HF�pyridine, all of
the benzyl protective groups were removed by hydrogenolysis
with a catalytic amount of Pd/C. Pentasaccharides 25, 26, 27, 28,
and 29 were purified by ODS column chromatography, followed
by gel filtration chromatography with Sephadex G-10 or G-15 fine
to produce the desired pentasaccharides containing any of the fol-
lowing two disaccharide units: CS-C+E, CS-D+T, CS-E+A, CS-E+C, or
CS-E+E. Ligand conjugates were synthesized with these pentasac-
charides, according to previously described methods,23,24 yielding
CS-tetrasaccharide ligand conjugates 1, 2, 3, 4, and 5. These com-
pounds were purified by ODS chromatography and gel filtration
chromatography, using Sephadex G-10 or G-15 fine, and their
structures were confirmed by 1H NMR and ESI-TOF/MS analyses.

Binding interactions were investigated using an SPR imaging
biosensor, which allows real-time analysis of interactions without
requiring labeling of analytes. Basic fibroblast growth factor (FGF-
2) was chosen as the GAG-protein, because FGF-2 is known to
interact strongly with the CS-E structure; we therefore investigated
the structure–activity relationship of the CS-E unit-containing
microdomain structure in detail. Specific binding interactions
were clearly observed with ligand-conjugates containing the CS-T
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Figure 2. Binding study of FGF-2 and chondroitin sulfate (CS) subunits using SPR imaging. Measurements were carried out with analytes in the concentration range between
8 and 500 nM. Bar graph profiles of different concentrations of FGF-2 at the maximum binding intensity of SPR imaging. The CS sugar chain and Glc ratio were (a) 1:0, (b) 1:2,
and (c) 1:8. Abbreviations: CS-A = GlcA-GalNAc4S-Glc ligand conjugate 31 was immobilized; CS-C = GlcA-GalNAc6S-Glc ligand conjugate 32 was immobilized; CS-D = GlcA2S-
GalNAc6S-Glc ligand conjugate 33 was immobilized; CS-E = GlcA-GalNAc4S6S-Glc ligand conjugate 34 was immobilized; CS-T = GlcA2S-GalNAc4S6S-Glc ligand conjugate 35
was immobilized; CS-C+D = GlcA-GalNAc6S-GlcA2S-GalNAc6S-Glc ligand conjugate 36 was immobilized; CS-C+E = GlcA-GalNAc6S-GlcA-GalNAc4S6S-Glc ligand conjugate 1
was immobilized; CS-D+D = GlcA2S-GalNAc6S-GlcA2S-GalNAc6S-Glc ligand conjugate 37 was immobilized; CS-D+T = GlcA2S-GalNAc6S-GlcA2S-GalNAc4S6S-Glc ligand
conjugate 2 was immobilized; CS-E+A = GlcA-GalNAc4S6S-GlcA-GalNAc4S-Glc ligand conjugate 3 was immobilized; CS-E+C = GlcA-GalNAc4S6S-GlcA-GalNAc6S-Glc ligand
conjugate 4 was immobilized; CS-E+D = GlcA-GalNAc4S6S-GlcA2S-GalNAc6S-Glc ligand conjugate 38 was immobilized; CS-E+E = GlcA-GalNAc4S6S-GlcA-GalNAc4S6S-Glc
ligand conjugate 5 was immobilized; Glc = Glc-Glc (maltose) ligand conjugate 39 was immobilized.
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Table 1
Kinetic parameters of the interaction between FGF-2 and chondroitin sulfate (CS)
oligosaccharides

Unit structure ka (M�1 s�1) kd (s�1) KD (nM)

CS-A N.D.* N.D.* —
CS-C 1.2 � 105 4.2 � 10�3 36
CS-D 9.9 � 104 2.3 � 10�3 23
CS-E 9.1 � 104 1.5 � 10�3 16
CS-T 3.8 � 104 8.2 � 10�4 21
CS-C+D N.D.* N.D.* —
CS-C+E N.D.* N.D.* —
CS-D+D 7.9 � 104 3.8 � 10�3 48
CS-D+T 4.7 � 104 7.7 � 10�4 16
CS-E+A 1.0 � 105 5.6 � 10�4 5.6
CS-E+C 5.6 � 104 4.6 � 10�4 8.2
CS-E+D 6.9 � 104 3.2 � 10�4 4.7
CS-E+E 8.5 � 104 4.4 � 10�4 5.2

* N.D., not determined due to weak interaction.

K. Miyachi et al. / Bioorg. Med. Chem. Lett. 25 (2015) 1552–1555 1555
disaccharide25, CS-E+A, CS-E+C, CS-E+D26, and CS-E+E tetrasaccha-
rides (Fig. 2a). The kinetic parameters of these interactions are
summarized in Table 1. It has been reported that FGF-2 is strongly
recognized by tetrasaccharides containing CS-E unit structures.27–32

To characterize the properties of CS tetrasaccharide structures in
greater detail, sugar chips, immobilized with a mixture of CS
ligand-conjugates prepared in this study and with a Glc ligand-
conjugate 3923,33 which does not bind FGF-2 (Fig. 2b: 1:2 molar
ratio, Fig. 2c: 1:8 molar ratio), were fabricated and tested. FGF-2
bound strongly to the CS-T disaccharide and CS-D+T, -E+A, -E+C,
-E+D, and -E+E tetrasaccharides (Fig. 2b and c). The binding affinity
of the CS tetrasaccharide structures differed markedly, depending
on whether they had a CS-E unit (CS-E+A, -E+C, -E+D, and -E+E)
or a CS-D unit (CS-D+D26, CS-D+T) at the non-reducing end, This
indicated that the CS disaccharide unit at the reducing end was
also recognized by the protein. Furthermore, our sugar chip tech-
nique showed that the inverse sequence had different binding
properties; the CS-E+C tetrasaccharide interacted strongly with
FGF-2, whereas the CS-C+E tetrasaccharide did not.

In conclusion, we synthesized five types of homo- and hetero-
dimeric CS tetrasaccharide structures with a 4,6-disulfated pattern,
viz., CS-C+E 1, CS-D+T 2, CS-E+A 3, CS-E+C 4, and CS-E+E 5. In addi-
tion, we fabricated sugar chips with these synthesized CS ligand-
conjugates and analyzed their binding interaction with FGF-2.
The results showed that our sugar chip technology can be utilized
for real-time analysis of the structure–function relationship of
GAG-binding proteins at the molecular level in real-time, without
requiring labeling of analytes. Although construction of a CS
tetrasaccharide library is underway, our CS sugar chips may be
used for high-throughput analysis of the binding properties of
protein samples in order to decipher the CS sugar code.
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