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Introduction

Oligosaccharide chains on cell surfaces have been regarded
as an essential substance for the expression of various bio-
logical phenomena.[1] Molecular recognition concerned with
such oligosaccharides is greatly enhanced by multivalency or
the glyco cluster effect.[2] For example, it has been reported
that glycolipids on cell surfaces can form glycolipid clusters
named rafts or patches, that are strongly recognized by sac-
charide-binding proteins and complementary oligosaccha-
rides.[3] Recently, various glyco conjugate polymers,[4,5] den-
drimers,[6] calixarenes,[7] cyclodextrins,[8] nanoparticles,[9] and
transition metal complexes[10] have been developed as glyco
cluster models. However, there has been no report on suc-
cessful control of the intervals and directions of the carbo-
hydrate ligands.

Oligodeoxynucleotides (ODNs) have attracted much at-
tention as a ™molecular glue∫ for supramolecular architec-
tonics based on the self-organization concept.[11] ODNs are
promising construction materials that can provide an array
of functional components such as chromophores,[12] gold
nanoparticles,[13] and proteins,[14] in controlled space and di-
rection, since DNA forms a linear, rigid double-strand helix
by complementary hydrogen-bonded base-pairing. Self-or-
ganized DNAs have also been applied to the molecular ma-
chines[15] and DNA-computing.[16]

Glycosylated nucleic acids occur rarely in nature, and
their biological roles have not yet been sufficiently elucidat-
ed.[17] Inspired by the interesting structures of glycosylated
nucleic acids, we [18] and other groups[19] have investigated
the synthesis and functions of various types of artificial
DNA±carbohydrate conjugates. In the course of the study,
we have proposed a novel concept for construction of peri-
odic glycoclusters by DNA self-organization strategy as
shown in Figure 1.[20] Site-specific galactosylated ODNs
(Gal-ODNs) were synthesized in an automated solid-phase
DNA synsthesizer,[18d] and were hybridized with the ™half-
sliding∫ complementary ODNs (hsc-ODNs) to afford self-
organized glycoclusters along the gapped DNA duplex. The
right half-sequence (red) and the left half-sequence (blue)
of hsc-ODNs are complementary to the left half-sequence
(red) and the right half-sequence (blue) of the target n-mer
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Abstract: We describe herein the rela-
tionship between the spatial arrange-
ment of self-organized galactose clus-
ters and lectin recognition. b-Galac-
tose-modified deoxyuridine phosphor-
amidite was synthesized and applied to
solid-phase synthesis to provide 18-,
20-, and 22-mers of site-specifically ga-
lactosylated oligodeoxynucleotides
(Gal-ODNs). These Gal-ODNs were
self-organized through hybridization
with the corresponding 18-, 20-, and
22-mers of half-sliding complementary
ODNs (hsc-ODNs) to give periodic

galactoside clusters. The self-organiza-
tion of ODNs was confirmed by size
exclusion chromatography and gel elec-
trophoresis. The binding of the Gal-
clusters to the FITC-labeled RCA120

lectin was analyzed by monitoring the
change in fluorescence intensity. The
assembly of 20-mer Gal-ODN with the
20-mer hsc-ODN was strongly and co-

operatively recognized by the lectin.
The 18-mer assembly was bound more
weakly and less cooperatively, and the
22-mer assembly was minimally bound
to the lectin. RCA120 lectin recognized
not only the density of galactoside resi-
dues, but also the spatial arrangement.
The size of the Gal cluster was estimat-
ed from the association constant of
Gal-ODN with hsc-ODN. The relation-
ship between lectin-recognition and
Gal-cluster size is also discussed.
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Gal-ODNs respectively (Figure 1). The relative space and
direction between carbohydrates can be regulated by the
self-organized DNA-duplex. This system will be valuable in
studying the relationships between the spatial arrangement
of carbohydrates and lectin recognition.

This paper describes a detailed study of the construction
of galactoside-clusters based on the hybridization of 18-, 20-,
and 22-mer Gal-ODN (termed I, II, and III, ) with the cor-
responding hsc-ODNs (termed VI, VII, and VIII, respec-
tively, in Figure 1), and the relationship between the spatial
arrangement of galactosides along DNA and lectin recognition.

Results and Discussion

Synthesis and characterization
of galactosylated ODNs (Gal-
ODNs): Scheme 1 shows the
synthesis of a b-galactose-modi-
fied deoxyuridine phosphorami-
dite derivative used for solid-
phase synthesis. Solid-phase
synthesis of Gal-ODNs was per-
formed on an automated Expe-
dite Nucleic Acid Synthesis
System from the 3’ to the 5’ end
by using benzimidazolium tri-
flate[21] as an activator (1.0 mmol
scale). The ODNs were depro-
tected and cleaved from the
resin with aqueous ammonia at
room temperature, then puri-
fied by Sephadex G-25 car-
tridge column and reversed-
phase HPLC. The Gal-ODNs

were produced as the main product with 60±80 % coupling
efficiency.

Figure 2 shows an HPLC chart of nucleosides obtained by
enzymatic digestion (nuclease P1, DNase I, and bacterial al-
kaline phosphatase) of the b-galactosylated ODN II. In ad-
dition to the peaks assigned to dA, T, dG, and dC, a peak
assignable to b-galactosylated deoxyuridine 8 from compari-
son with the authentic sample was detected at retention
time=1.8 min. The ratio of each peak area (Gal-dU 8 : 0.9;
dC: 10.2; dG: 2.4; T: 4.8; dA: 1.7) was in agreement with
the calculated nucleotide composition of ODN II (Gal-dU

Figure 1. Schematic illustration of Gal clusters constructed by sequentially addressed self-organization of gal-
actosylated ODNs with the half-sliding complementary ODNs. The red and blue sequences on I, II, and III
are respectively complementary to the red and blue sequences on VI, VII, and VIII.

Scheme 1. Synthesis of b-galactose-modified deoxyuridine derivatives.
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8 : 1.0; dC: 10.0; dG: 2.0; T: 5.0; dA: 2.0). In addition,
MALDI-TOF-MS showed that the molecular ion mass of
the ODNs (m/z 6179.73) was consistent with that calculated
(6183.24). Thus we confirmed the production of the galacto-
sylated ODNs.

Figure 3 shows that the CD spectra of the gapped duplex-
es of the Gal-ODNs with the corresponding hsc-ODNs (I/
VI, II/VII, and III/VIII) were similar to those of the full du-

plexes of the Gal-ODN and the unmodified ODN with the
full complementary ODN (II/V and IV/V). The formation of
typical B-type duplexes is suggested regardless of the galac-
toside modification and, hence, the array of carbohydrates
as a glycocluster along DNA is discussed on the basis of
structural data of B-type DNA duplexes.

The melting temperatures of these Gal-ODN duplexes
were estimated from the hyperchromicity curves shown in
Figure 4. The gapped duplexes I/VI (48.3 8C), II/VII (48.5
8C), and III/VIII (51.3 8C) as well as the full duplex II/V
(65.1 8C) can be compared with the corresponding native
ODN duplexes IV/VII (48.4 8C) andIV/V (68.0 8C). The

melting temperatures of the gapped duplexes with hsc-ODN
were 20 8C lower than those of the full complementary du-
plexes. Introduction of the b-galactoside derivative into
ODN minimally affected the thermal stability of the gapped
duplexes as well as the full duplexes.

Organization of galactosylated ODNs : Self-organization of
Gal-ODNs with hsc-ODNs was examined by agarose gel
electrophoresis (Figure 5) and size-exclusion chromatogra-
phy (SEC, Figure 6). The electrophoretic bands of the
gapped duplex of 20-mer Gal-ODN (II) with hsc-ODN
(VII) shifted to the shorter mobility and broadened as the
concentration increased, whereas the duplex with full com-
plementary ODN (II/V) indicated almost the same mobility
independent of the concentration.

Figure 2. Reversed-phase HPLC chart of enzymatic digest of ODN II
with DNase I, nuclease P1, and BAP.

Figure 3. CD spactra of duplexes of galactosylated ODNs with full com-
plementary or half-sliding complementary ODNs at [ODN]=1.13mm in
PBS (pH 7.4) at 25 8C.

Figure 4. Melting behavior of duplexes of galactosylated ODNs with full
complementary or half-sliding complementary ODNs at [ODN]=1.13mm
in PBS (pH 7.4).

Figure 5. Gel electorophoresis analysis for self-organization of galactosy-
lated ODN with half-sliding cODN. Lane 1: II ([ODN]=150mm). Lanes
2±5: II/V ([ODN]=60, 90, 120, 150mm, respectively). Lanes 6±9: II/VII
([ODN]=60, 90, 120, 150mm, respectively). M: double-stranded DNA
marker.
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The SECs of the 18-, 20-, and 22-mer gapped duplexes (I/
VI, II/VII, and III/VIII respectively) were broader and shift-
ed to faster retention time than those of the single strand
ODN alone (II) and the full complementary duplex (II/V).
These results suggest that the Gal-ODNs were organized
with the hsc-ODN to form Gal clusters. The apparent
number average molecular weight compared with pullulan
standards were as follows. Single strand 20-mer ODN II :
Mn=7830 (Mw/Mn=1.04); full complementary duplex II/V:
Mn=12 000 (Mw/Mn=1.05); gapped duplex I/VI : Mn=84 400
(Mw/Mn=1.22); II/VII : Mn=78 500 (Mw/Mn=1.89); III/VIII :
Mn=101 000 (Mw/Mn=1.38). Thus, about 6.5 galactosides on
average were assembled by the half-sliding complementary
ODNs; However it is probable that the value is underesti-
mated because the assembly is partially dissociated during
SEC and electrophoresis.

Binding affinity of gal clusters with half-sliding complemen-
tary ODNs to lectin : Binding affinity was estimated quanti-
tatively by fluorometry with an FITC-labeled b-galactoside
specific lectin (FITC-RCA120, Ricinus communis agglutinin).
Figure 7 shows that addition of an increasing amount of 20-
mer Gal cluster II/VII to FITC-RCA120 decreased signifi-
cantly the fluorescence intensity at 520 nm (excitation at
490 nm) to give a steep sigmoidal curve. The binding curve
of the 18-mer Gal cluster I/VI was gently sigmoidal. In con-
trast, the 22-mer Gal cluster III/VIII fluorescence intensity
decreased minimally in the present concentration range,
similarly to the duplex of Gal-ODN with full complementa-
ry ODN (II/V) that has only one galactoside.

These results indicate that the 20-mer Gal cluster II/VII
bound to RCA120 most strongly, the 18-mer I/VI bound
weakly, and the 22-mer III/VIII bound minimally. Further
more, the sigmoidal dependency of the fluorescence intensi-

ty on the concentration of II/VII indicates that some galac-
tose residues along DNA were cooperatively bound to
RCA120.

[22] The sigmoidal curve was treated with the Hill
equation [Eq. (1)] to give the apparent affinity constant
(Kaf) and the Hill coefficient (n) as summarized in Table 1.

log
Y

1�Y
¼ nlog½Gal� þ nlogKaf

�
Y ¼ DF

DFmax

�
ð1Þ

The Hill coefficient of the 18-mer ODN (II/VII) is n=2.4,
which suggests that an average of 2.4 galactose residues are
cooperatively bound to some of the four binding sites on
RCA120 by organizing the conjugate II with VII. The ap-

parent affinity constant and the Hill coefficient of the Gal
cluster along the 18-mer ODN (I/VI) to RCA120 were lower
than those of the 20-mer ODN. The fluorescence change of

Figure 6. Size exclusion chromatography of galactosylated ODNs.

Figure 7. A) Dependence of fluorescence intensity of FITC-RCA120 at
520 nm (Ex=490 nm) on the concentration of ODNs in PBS (pH 7.4) at
25 8C ([RCA120]=14.6 nm). The DF was corrected for the spontaneous
breaching of FITC-RCA120 in PBS. B) Hill plots of fluorescence intensity
change of FITC-RCA120 with ODNs.

Table 1. Apparent affinity constants (Kaf) and Hill coefficients (n) in
binding of Gal clusters along DNA to RCA120 at 25 8C.

Gal cluster Kaf [m
�1][a] n

I/VI (18-mer) 1.9î 104 1.8
II/VII (20-mer) 5.5î 104 2.4
III/VIII (22-mer) ± ±

[a] Kaf was calculated using molarity [mol L�1] of the Gal unit.

Chem. Eur. J. 2004, 10, 352 ± 359 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 355

Self-Organized Glycoclusters Along DNA 352 ± 359

www.chemeurj.org


the Gal cluster along the 22-mer ODN (III/VIII) was too
small to be treated with the Hill equation.[23]

Since the B-type DNA duplex has an average 10.5 base
pairs and 34 ä pitch per turn of the helix, the galactoside
residues along the 20-mer and 22-mer ODN assemblies (II/
VII and III/VIII) were displayed at 68 and 75 ä regular in-
tervals, respectively, and their two adjacent residues were
twisted 34 degrees each. In contrast, the galactoside residues
along the 18-mer ODN assembly (I/VI) were displayed at
63 ä regular intervals with larger dihedral angle of 1038
(Figure 8). It is probable that the relative arrangement of
the Gal-cluster based on the 20-mer ODN (II/VII) allows
cooperative binding to the binding sites on RCA120, whereas
that of the Gal-cluster based on the 18-mer (I/VI) is unfav-
orable to bind cooperatively to RCA120, due to its twisted ar-

rangement of galactosides. The extended interval of 22-mer
III/VIII seems to hamper the binding to RCA120. We can
conclude that RCA120 lectin recognized the spatial arrange-
ment of the galactoside residues along DNA.

Estimation of the degree of association between ODNs : In
order to discuss the relationship between lectin recognition
and Gal cluster size, we attempted to estimate the associa-
tion constant between ODNs and then the degree of associ-
ation of the Gal cluster. When two ODNs form an assembly
with apparent association constant Kas [m�1] at total ODN
concentration C [m], the degree of association (DA) is given
by Equation (2).[24]

DA ¼ KasCffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KasC þ 1

p
�1

ð2Þ

The Tm of the gapped duplex (II/VII) was measured at
several concentrations and plotted according to Equation (3)
in Figure 9. The linear relationship gave DH8=�44 kcal
mol�1 and DS8=�120 calmol�1 K�1 for gapped duplex for-
mation. The apparent affinity constant at 25 8C was calculat-
ed to be Kas=4.2 î 106

m
�1 using DG8=DH8�TDS8=

�RTlnKas. Substituting the DG value into Equation (2) af-

forded dependence of the DA of ODNs on the concentra-
tion as shown in Figure 10.

1
Tm

¼ 2:303R
DHo log

�
C
4

�
þ DSo

DHo ð3Þ

Figure 7 shows that the binding ability of the Gal cluster
II/VII to RCA120 is enhanced significantly at [ODN]=
40 mm. The DA of ODNs was estimated to be about six,
which corresponded to about three galactosides (Figure 10).

This value is comparable to the Hill coefficient 2.4, for bind-
ing of the Gal cluster II/VII to RCA120. This suggests that
the degree of association of about three galactosides on II/
VII lead to the cooperative binding with RCA120. Thus,
about three galactosdes on the 20-mer gapped duplex as-
sembly (II/VII) simultaneously recognize three of four bind-
ing sites of RCA120.

Conclusions

We have demonstrated that periodic, spatial arrangement of
galactoside residues could be attained by self-organization
of galactosylated ODN with the corresponding half-sliding

Figure 8. Illustration of the predicted arrangement of Gal cluster based
on galactosylated 18-, 20-, and 22-mer ODNs with their half-sliding com-
plementary ODNs.

Figure 9. Plot of Tm
�1 versus log (C/4) for melting of the gapped duplex

II/VII in PBS (pH 7.4).

Figure 10. Estimated dependence of degree of association (DA) on ODN
concentration in self-organization of the gapped duplex II/VII in PBS
(pH 7.4) at 25 8C.

¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 352 ± 359356

FULL PAPER K. Kobayashi et al.

www.chemeurj.org


complementary ODN. The affinity of the Gal cluster organ-
ized on DNA to RCA120 lectin was significantly dependent
on this spatial arrangement. The Gal cluster based on the
20-mer ODN, which displays the galactoside residues at
68 ä regular intervals with a small dihedral angle, was
strongly and cooperatively bound to the lectin. On the other
hand, the largely twisted Gal cluster based on the 18-mer
ODN assembly was bound more weakly and less coopera-
tively, and the 22-mer ODN assembly, bearing an extended
interval, was minimally bound to the lectin. The degree of
association between Gal-ODN and hsc-ODN was estimated
by SEC and thermodynamic analysis of the concentration
dependency of Tm, suggesting that about three galactosides
on the 20-mer gapped duplex lead to the cooperative bind-
ing with RCA120. Therefore, it has been revealed that
RCA120 lectin recognizes not only the density of galactoside
residues, but also the spatial arrangement and degree of as-
sociation of Gal clusters. Such regular spatial arrangement
of carbohydrate residues can not be attained with synthetic
glycoconjugate polymers such as polystyrene and polyacryla-
mide backbones. The glycocluster system with DNA self-or-
ganization will be useful to elucidate recognition properties
of various carbohydrate-binding proteins. We propose an
™assembly-amplified cooperative molecular recognition
strategy∫, which has high potential for applications to vari-
ous molecular systems.

Experimental Section

Materials : Reactions sensitive to moisture and air were performed under
nitrogen or argon atmospheres using anhydrous solvents and reagents.
The following five types of oligodeoxynucleotides were purchased from
Rikaken (Nagoya): native IV (5’-TCCTCGCCCTTGCTCACCAT-3’),
full complement 20-mer V (5’-ATGGTGAGCAAGGGCGAGGA-3’),
half sliding complement 18-mer VI (5’-AGGGCGAGGTGGTGAGCA-
3’), half sliding-complement 20-mer VII (5’-AGGGCGAGGAATGGT-
GAGCA-3’), half sliding complement 22-mer VIII (5’-AGGGCGAG-
GAATATGGTGAGCA-3’). Fluorescein isothiocyanate (FITC) labeled
Ricinus communis agglutinin (RCA120), nuclease P1 (from Penicillium cit-
rinum, EC 3.1.30.1), DNase I (from bovine pancreas, EC 3.1.21.1), and
bacterial alkaline phosphatase (BAP; from Escherichia. coli, EC 3.1.3.1)
were purchased from Sigma . Benzimidazolium triflate was prepared ac-
cording to the previously reported procedure.[21] 2-Cyanoethyl N,N-diiso-
propylchlorophosphoramidite were prepared at Y. Hayakawa×s Laborato-
ry, Graduate School of Human Informatics, Nagoya University.

Instruments : 1H NMR spectra were recorded on Varian Gemini-500 spec-
trometer at ambient temperature with tetrametylsilane or residual sol-
vent peaks as internal references. 31P NMR spectra were recorded on
JEOL a-400 spectrometer at ambient temperature using 85 % H3PO4 as
external references. Infrared (IR) spectra were recorded with a JASCO
Fourier transform IR-230 spectrophotometer. Optical rotation was deter-
mined with a JASCO DIP-1000 digital polarimeter using a water-jacketed
1 dm cell at 25 8C. Absorption spectra were recorded on a JASCO V-530
UV/VIS spectrophotometer equipped with a thermal controller. CD
spectra were taken in a 10 mm quartz cell with a JASCO J-720 L spectro-
photometer. Fluorescence spectra were recorded on a JASCO FP-777
spectrophotometer equipped with a thermal controller. Fast-atom-bom-
bardment (FAB) mass spectra were obtained on a JEOL JMS-
AX505HA mass spectrometer operating in positive mode. MALDI-TOF
mass spectra were obtained on a PE Applied Biosystem Voyager
MALDI-TOF type mass spectrometer with 3-hydroxy-2-picolinic acid as
matrix. Solid-phase syntheses of ODNs were conducted on an Expedite
Nucleic Acid Synthesis System. Size exclusion chromatography (SEC)
was recorded at 25 8C with a JASCO Guliver SB-804HQ to SB-803HQ

columns and an RI detector (RI-930). Reversed-phase HPLC was record-
ed at 25 8C with Shiseido Capcell Pak C18 UG120 (4.5 î 150 mm) and a
JASCO Guliver UV/VIS detector (UV-975).

Synthesis of galactosylated deoxyuridine derivatives : 1-(5-Hexyn-1-yl)-
2,3,4,6-tetra-O-acetyl-b-d-galactopyranoside (2): 5-Hexyn-1-ol (100 mL,
9.06 mmol) and TMSOTf (535 mL, 2.77 mmol) under nitrogen at �40 8C
were added to a solution of 1 (4.54 g, 10.87 mmol) and MS4A in CH2Cl2

(10 mL) . The resulting mixture was stirred for 45 min at 0 8C. After re-
moval of the molecular sieves by filtration, the filtrate was extracted with
CH2Cl2 and the organic layer was washed with NaHCO3(aq) and H2O.
After drying over anhydrous MgSO4, CH2Cl2 was evaporated to provide
a thick oil. Purification by silica gel column chromatography eluting with
ethyl acetate/hexane (3:4) provided pure 2 as a light yellow oil (3.80 g,
98% yield). [a]25

D =�37.08 (c=0.1 in CHCl3); 1H NMR (CDCl3): d=5.39
(d, J=3.3 Hz, 1H), 5.20 (dd, J=8.0, 10.5 Hz, 1 H), 5.02 (dd, J=3.0,
10.0 Hz, 1H), 4.60 (d, J=8.0 Hz, 1H), 4.21±4.11 (m, 2H), 3.95±3.89 (m,
5-H, 2H), 3.49±3.54 (m, 1 H), 2.21±2.16 (m, 2H), 2.14, 2.07, 2.05, 2.00 (4 s,
12H), 1.88 (t, J=2.2 Hz, 1H), 1.70±1.60 (m, 2 H) and 1.59±1.48 ppm (m,
2H). IR (KBr): ñ=3284, 2947, 1751, 1435, 1371, 1223, 1057 cm�1; FAB-
MS: m/z : 427 [M++H].

5-[1-(2,3,4,6-Tetra-O-acetyl-b-d-galactopyranosyl)-5-hexyn-6-yl]-2’-deoxy-
uridine 3’,5’-di-tert-butyldimethylsilyl ether (4): Pd(PPh3)4 (14 mg,
0.012 mmol), CuI (4.6 mg, 0.024 mmol), Et3N (24 mg, 0.24 mmol), and 2
(154 mg, 0.36 mmol) were added under nitrogen to a solution of 3
(70 mg, 0.12 mmol) and MS4A in dry THF (1.5 mL) . The mixture was
stirred for three days at room temperature. After removal of the molecu-
lar sieves by filtration, the filtrate was extracted with ethyl acetate and
washed with NaHCO3(aq) and H2O. After drying over anhydrous
MgSO4, ethyl acetate was evaporated to provide a thick oil. Purification
by silica gel column chromatography eluting with ethyl acetate/hexane
(3:5 to 5:3) provided pure 4 as a light yellow oil (61 mg, 58 % yield).
[a]25

D =�8.48 (c=0.1 in CHCl3); 1H NMR (CDCl3): d=8.29 (s, 1 H), 7.91
(s, 1 H), 6.29 (t, J=6.9 Hz, 1H), 5.39 (d, J=3.0 Hz, 1H), 5.20 (dd, J=8.1,
10.5 Hz, 1 H), 5.03 (dd, J=3.6, 10.8 Hz, 1H), 4.50 (d, J=8.0 Hz, 1 H),
4.42±4.40 (m, 1H), 4.20±4.09 (m, 2 H), 3.98±3.74 (m, 5 H), 3.56±3.54 (m, 1
H), 2.41±2.26 (m, 4 H), 2.15, 2.06, 2.05, 1.98 (4 s, 12 H), 1.78±1.64 (m, 2
H), 1.32±1.20 (m, 2H), 0.92 (s, 9H), 0.88 (s, 9 H), 0.12 (s, 6H), and
0.10 ppm (s, 6H); IR (KBr): ñ=2945, 1751, 1709, 1460, 1371, 1227,
1065 cm�1; FAB-MS: m/z : 883 [M++H].

5-[1-(2,3,4,6-Tetra-O-acetyl-b-d-galactopyranosyl)-5-hexyn-6-yl]-2’-deoxy-
uridine (5): A solution (1.0m) of tetrabutylammonium fluoride
(1.359 mL, 1.359 mmol) was added under nitrogen in the dark to a solu-
tion of 4 (400 mg, 0.453 mmol) in dry THF (15 mL) . The mixture was
stirred for 3 h at room temperature. After removal of THF under re-
duced pressure, the crude residue was purified by silica gel column chro-
matography eluting with CHCl3/MeOH (25:1 to 25:4) to provide pure 5
as a colorless oily solid (256 mg, 86% yield). Mp: 88±91 8C; [a]25

D =�16.68
(c=0.1 in CHCl3); . 1H NMR (500 MHz, CDCl3): d=8.59 (br s, 1H), 8.17
(s, 1 H), 6.26 (t, J=6.5 Hz, 1H), 5.40 (d, J=3.5 Hz, 1H), 5.18 (dd, J=8.0,
10.5 Hz, 1H), 5.05 (dd, J=3.5, 10.5 Hz, 1 H), 4.63±4.61 (m, 1H), 4.49 (d,
J=8.0 Hz, 1 H), 4.22 (dd, J=7.0, 11.0 Hz, 1H), 4.11( dd, J=7.0, 11.0 Hz,
1H), 4.04±3.89 (m, 5 H), 3.56±3.52 (m, 1H), 3.01 (br s, 1 H), 2.58 (br s, 1
H), 2.44±2.31 (m, 4H), 2.16, 2.09, 2.06, 2.00 (4 s, 12 H), 1.76±1.59 ppm (m,
4H). IR (KBr): ñ=3487, 3070, 2945, 1751, 1462, 1371, 1227, 1051 cm�1;
FAB-MS: m/z : 655 [M++H]

5-[1-(2,3,4,6-tetra-O-acetyl-b-d-galactopyranosyl)-5-hexyn-6-yl]-2’-deoxy-
5’-O-(4,4’-dimethoxytrityl)uridine (6): 4,4’-Dimethoxytritylchloride
(78 mg, 0.229 mmol) was added under nitrogen in dark to a solution of 5
(50 mg, 0.076 mmol) in dry pyridine (2 mL). The mixture was stirred for
16 h at 50 8C. After cooling to room temperature, the mixture was ex-
tracted with ethyl acetate and washed with NaHCO3(aq) and H2O. After
drying over anhydrous MgSO4, ethyl acetate was evaporated to provide a
thick oil. Purification by silica gel column chromatography eluting with
CHCl3:MeOH (50:1 to 50:4) provided pure 6 as a colorless oily solid
(61 mg, 83% yield). Mp: 100±102 8C; [a]25

D =�2.9 8 (c=0.1 in CHCl3);
1H NMR (500 MHz, CDCl3): d=8.49 (br s, 1H), 8.01 (s, 1 H), 7.37±7.29
(m, 9H), 6.86 (d, J=8.0 Hz, 4H), 6.25 (t, J=6.5 Hz, 1H), 5.40 (d, J=
3.5 Hz, 1H), 5.17 (dd, J=8.0, 10.5 Hz, 1H), 5.03 (dd, J=3.5, 10.5 Hz, 1
H), 4.54±4.51 (m, 1 H), 4.47 (d, J=8.0 Hz, 1H), 4.22±4.12 (m, 2H), 4.09±
4.05 (m, 1 H), 3.96±3.93 (m, 1H), 3.82 (s, 6H), 3.79±3.75 (m, 1 H), 3.46
(dd, J=3.5, 10.5 Hz, 1H), 3.42±3.38 (m, 1 H), 3.35 (dd, J=3.5, 11.0 Hz, 1

Chem. Eur. J. 2004, 10, 352 ± 359 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 357

Self-Organized Glycoclusters Along DNA 352 ± 359

www.chemeurj.org


H), 2.51±2.28 (m, 2H), 2.16±2.00 (m, containing 4 singlets at d=2.16,
2.09, 2.06, 2.00, 14H), 1.55±1.52 (m, 2 H), 1.36±1.33 ppm (m, 2H). IR
(KBr): ñ=3475, 2943, 1751, 1614, 1508, 1456, 1371, 1227, 1045 cm�1;
FAB-MS: m/z : 957 [M+ +H].

5-(1-(2,3,4,6-tetra-O-acetyl-b-d-galactopyranosyl)-5-hexyn-6-yl)-2’-deoxy-
5’-O-(4,4’-dimethoxytrityl)uridine-3’-O-(2-cyanoethyl-N,N’-diisopropyl)-
phosphoramidite (7): Diisopropylethylamine (211 mL, 1.21 mmol) and 2-
cyanoethyl-N,N-diisopropyl chlorophosphoramidite (188 mL, 0.84 mmol)
under argon at �78 8C were added to a solution of 6 (52 mg, 0.054 mmol)
and MS3A in dry THF (5 mL). The mixture was stirred for 45 min at
room temperature. After removal of the molecular sieves by filtration,
the filtrate was extracted with ethyl acetate and washed with NaH-
CO3(aq) and brine. After drying over anhydrous MgSO4, ethyl acetate
was evaporated to provide a thick oil. Purification by silica gel column
chromatography eluting with ethyl acetate/hexane (1:1 to 2:1 to 4:1) con-
taining 0.5 wt % Et3N provided two diastereoisomers of 7 as light yellow
foam (884 mg, 95 % yield). Mp: 85±88 8C; [a]25

D =++4.52 8 (c=0.1 in
CHCl3); 1H NMR (500 MHz, CDCl3) higher Rf : d=8.90 (br s, 1H), 8.06
(s, 1H), 7.50±7.20(m, 9H), 6.84 (d, J=8.5 Hz, 4H), 6.30 (t, J=6.5, Hz, 1
H), 5.38 (d, J=3.5 Hz, 1H), 5.16 (dd, J=8.0, 10.5 Hz, 1H), 5.02 (dd, J=
3.5, 10.5 Hz, 1 H), 4.60±4.56 (m, 1H), 4.44 (d, J=8.0 Hz, 1H), 4.23±4.09
(m, 3 H), 3.93±3.89 (t, J=6.5 Hz, 2H), 3.79 (s, 6 H), 3.84±3.76 (m, 1H),
3.73±3.53 (m, 4 H), 3.36±3.27 (m, 2 H), 2.62 (t, J=6.5 Hz, 2H), 2.56±2.51
(m, 1H), 2.33±2.26 (m, 1H), 2.13±1.92 (m, containing 4 singlets at d=

2.13, 2.04, 2.02, 1.98, 14 H), 1.52±1.40 (m, 2 H), 1.32±1.22 (m, 2H), 1.18 (,
d, J=6.5 Hz, 6H), 1.16(, d, J=6.0 Hz, 6H); lower Rf : d=8.90(br s, 1H),
8.01 (s, 1H), 7.50±7.20 (m, 9H), 6.83 (d, J=8.5 Hz, 4H), 6.31 (t, J=
6.5 Hz, 1H) , 5.38 (d, J=3.5 Hz, 1 H), 5.16 (dd, J=8.0, 10.5 Hz, 1H),
5.02(dd, J=3.5, 10.5 Hz, 1H), 4.60±4.56 (m, 1H), 4.43 (d, J=8.0 Hz, 1H),
4.23±4.09 (m, 3 H), 3.93±3.89 (t, J=6.5 Hz, 2 H), 3.79 (s, 6 H), 3.84±3.76
(m, 1 H), 3.73±3.53 (m,4 H), 3.36±3.27 (m, 2H), 2.43 (t, J=6.5 Hz, 2H),
2.56±2.51 (m, 1H), 2.33±2.26 (m, 1 H), 2.13±1.92 (m, containing 4 singlets
at d=2.13, 2.04, 2.02, 1.98, 14H), 1.52±1.40 (m, 2H), 1.32±1.22 (m, 2H),
1.18 (d, J=6.5 Hz, 6H), 1.16 ppm (d, J=6.0 Hz, 6H). 31P NMR: d=

149.61 and 149.21 ppm; IR (KBr): ñ=2968, 1753, 1705, 1614, 1510, 1456,
1371, 1227, 1043, 827 cm�1; FAB-MS: m/z : 1157 [M++H].

5-(b-d-Galactopyranosyl)-5-hexyn-6-yl)-2’-deoxyuridine (8): 28%
NH3(aq) (2.5 mL) was added to a solution of 5 (50 mg, 0.076 mmol) in
MeOH (2.5 mL) . The mixture was stirred for 90 min at room tempera-
ture. After a removal of NH3(aq) under reduced pressure, the crude resi-
due was purified by silica gel column chromatography eluting with
CHCl3/MeOH/H2O (16:4:1 to 8:4:1 to 6:4:1) to provide pure 8 as a white
foam (78.8 mg, 93% yield); 1H NMR (500 MHz, CD3OD): d=8.10 (s, 1
H), 6.16 (t, J=6.5 Hz, 1H), 4.32 (ddd, J=6.5, 3.5, 3.25 Hz, 1 H), 4.14 (d,
J=8.0 Hz, 1 H), 3.88±3.83 (m, 2 H), 3.82±3.80 (m, 1H), 3.72±3.63 (m, 4
H), 3.56±3.48 (m, 1H), 3.38±3.42 (m, 3H), 2.30±2.35 (m, 2 H), 2.25±2.20
(m, 1H), 2.18±2.12 (m, 1 H), 1.70±1.62 (m, 2 H), and 1.60±1.57 ppm (m, 2
H); UV (in water): lmax=292.5 nm (e=3700); FAB-MS: m/z 487 [M+

+H].

Solid-phase synthesis of glycosylated oligonucleotides : Oligonucleotides
(1.0 mmol scale) were automatically synthesized on Expedite Nucleic
Acid Synthesis System using b-cyanoethylphosphoramidite chemistry and
benzimidazolium triflate as activator.[21] The galactoside-modified phos-
phoramidite 7 was dissolved in dry acetonitrile and loaded onto the ma-
chine. The coupling efficiency was monitored by the quantity of trityl
cation released. The modified phosphoramidite was introduced to ODNs
on the resin and the coupling time was prolonged. After completion of
the synthetic cycles, the ODNs were deprotected and cleaved from the
resin by treating the resin with aqueous ammonia overnight at room tem-
perature. Then the ODNs were desalted (Sephadex G-25 cartridge
column NAP-10), and purified by HPLC (eluent : 0.1m ammonium ace-
tate and CH3CN).

HPLC analysis of the enzymatic digest : TES (3 mmol), MgCl2 (0.3 mmol),
CaCl2 (1.5 mmol), DNase I (150 units), bacterial alkaline phosphatase
(0.38 mg), and nuclease P1 (4.5 units) were added to the solution of puri-
fied ODN (30 mg) in water (30 mL) , and then the total volume of the
solution was adjusted to 60 mL (pH 7.4). The mixture was incubated at 37
8C for 24 h. The enzymatic digests of ODN were analyzed on reverse-
phase HPLC eluting with a linear gradient of 0.1m ammoniumacetate
containing 1±3 % CH3CN over 60 min at 25 8C (flow rate: 1 mL min�1).
The each peak of nucleosides was assigned with these authentic samples

as follows: retention time of Gal-dU (8)=1.8 min; dC=4.7 min; dG=

13.0 min; T=14.1 min; dA=33.0 min. The composition of nucleosides in
a ODN was determined from the peak area using extinction coefficient
of each bases (dA : 15.4 î 103, dG : 11.7 î 103, dC : 7.5î 103, T : 9.2î 103,
Gal-dU (8): 3.7 î 103).

CD spectra : Double-stranded ODN samples were prepared by dissolving
galactosylated ODN with an equimolar amounts of full complementary
or half-sliding complementary ODN at [ODN]=1.13mm for 1 h in PBS
(pH 7.4). CD spectra of double strands were recorded at 25 8C under
equilibrium conditions.

Melting behavior : Double-stranded ODN samples were prepared by dis-
solving galactosylated ODN with an equimolar amounts of full comple-
mentary or half-sliding complementary ODN at [ODN]=1.13mm concen-
trations in PBS (pH 7.4). The absorbance was recorded at 260 nm as a
function of increasing temperature at 1.0 8C min�1 on a spectrophotome-
ter equipped with a thermal controller.

Estimation of organization by size exclusion chromatography : Double-
stranded ODN samples were prepared by mixing galactosylated ODN
with equimolar amounts of full complementary or half-sliding comple-
mentary ODN at [ODN]=85mm concentrations in PBS (pH 7.4) at 25 8C.
After 1 h, SEC analysis of the double- and single-strand samples (20 mL)
was performed at 25 8C eluting with PBS buffer (flow rate: 0.5 mL
min�1). Pullulan was used as the molecular weight standard.

Estimation of organization by gel electrophoresis : Double-stranded
ODN samples were prepared by mixing galactosylated ODN with equi-
molar amounts of full complementary or half-sliding complementary
ODN at several concentrations (30±150mm) in PBS (pH 7.4) at 25 8C for
1 h. The double-strand samples (10 mL) were loaded onto a 3% agarose
gel, and electrophoresis was performed in 0.5î TBE buffer (90 mm Tris
and 90mm boric acid) at 25 8C at 4 Vcm�1. DNA bands were stained in a
6 mgmL�1 ethidium bromide solution and visualized by transillumination
with ultraviolet light (310 nm) by using a DC40 camera equipped with
1D Image Analysis Software MAC ver 2.0 (Kodak Digital Science). The
length of DNA relative to the Hinf I restriction enzyme digest of fX174
was determined by agarose gel electrophoresis.

Fluorometric assay of lectin-binding : Aliquots (1 mL) of a stock solution
of 9.0 mm ODN sample were added every 25 min to a solution of FITC-
labeled RCA120 (14.6 nm, 600 mL) in PBS (pH 7.4). Fluorescence spectra
(500±600 nm) were recorded with excitation at 490 nm at 25 8C. The
change in fluorescence intensity at 520 nm (DF) was corrected for the
spontaneous quenching of FITC-labeled RCA120 in PBS.
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