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Abstract—Spherical DNA micro-assemblies appended with lactose units (Lactose-nucleo-cages, Lac-NC) are newly developed.
DNA spherical assemblies self-assembled from suitably designed three oligodeoxyribonucleotides (ODNs) 1–3 were cross-linked
by lactose-conjugated psoralen derivative 4. Confocal laser scanning fluorescence microscopy (CLSM) observation of Lac-NC
shows that rhodamine labeled peanut lectin (Rho-PNA: a galactose-specific lectin) binds to lactose-modified nucleo-cages with high-
er affinity compared to that of unmodified nucleo-cages. Binding isotherm experiments indicated that the apparent affinity constant
of Rho-PNA to Lac-NC was in the order of 105 M�1.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Glycoconjugates on cell surfaces play many important
roles in cell biology, such as cell–cell adhesion, parasitic
infection, and immunological recognition.1 Molecular
recognition concerned with oligosaccharides is greatly
enhanced by multivalency, what is called glycocluster
effect.2 Various kinds of artificial glycoclusters were
developed by employing polymers, dendrimers, and
nanoparticles as scaffolds and they have been used in
protein recognition,3 cell culturing,4 and cell targeting
delivery.5

On the other hand, DNA has been attracting much
interest as nanostructure-building blocks because of its
programmable secondary and ternary structures.6 Vari-
ous DNA nano-architectures, such as arrays,7 tubes,8

polyhedrons,9 have been constructed via self-assembly.
DNA has also been utilized as linear scaffold for immo-
bilizing proteins,10 fluorescent dyes,11 and gold nanopar-
ticles.12 Matsuura et al. reported formation of
periodically aligned galactose units along DNA through
the hybridization of galactose-modified ODNs with
half-sliding complementary ODNs.13
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Recently, we have developed a simple strategy to con-
struct spherical assemblies from C3-symmetric DNA
junctions14 and trigonal b-sheet-forming peptide conju-
gates.15 The spherical DNA-assemblies ‘nucleo-cages,
NC’ spontaneously self-assembled from suitably
designed three 30-mer ODNs in aqueous NaCl solution,
as revealed by transmission electron microscopy (TEM),
dynamic light scattering (DLS), and enzymatic digestion
experiments.14a The presence of spherical nucleo-cage
structures in water was also confirmed by using confocal
laser scanning fluorescence microscopy (CLSM). It was
found that inside of the DNA self-assembly was filled,
rather than forming hollow structures.14b In this paper,
we report a novel glyco-conjugate that is based on
nucleo-cages as scaffold. Lactose-modified nucleo-cages
(Lac-NCs) are prepared by photo-crosslinking of
nucleo-cages with lactose-conjugated psoralen deriva-
tive 4, and their lectin recognition is evaluated by CLSM
observation and binding isotherms of lectin.
2. Results and discussion

2.1. Preparation of Lac-NCs

Figure 1 schematically shows self-assembly of nucleo-
cages and their modification with lactose-conjugated
psoralen derivative 4. ODN 1–3 were designed to form
three-way junctions bearing both of the self-comple-
mentary sticky-ends and photo-crosslinking sites
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Figure 2. (A) Fluorescence spectra (kex, 330 nm) and (B) UV–vis

spectra of nucleo-cages aqueous mixtures before and after UV

irradiation. CLSM images of (C) unmodified nucelo-cages and (D)

Lac-NCs ([4] = 300 lM); [ODN]total = 20 lM, [NaCl] = 0.5 M,

[YOYO-1] = 1 lM at 10 �C.

Figure 1. Schematic illustration of the self-assembly of nucleo-cages

and their modification with lactose-psoralen derivatives.
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5 0-TA-3 0. Nucleo-cages ([ODN]total = 20 lM, 0.5 M
NaCl) were prepared according to the previous pa-
per14b (see Section 4) and these structures were con-
firmed by CLSM observation (Fig. 2C). Synthetic
procedure of lactose-conjugated psoralen derivative 4
is summarized in Scheme 1. Psoralen derivatives are
known to crosslink DNA duplexes specifically at the
5 0-TA-3 0 site,16 and they dramatically increase the sta-
bility of nucleo-cages against heat- and urea-treatment.
Lactose-modified nucleo-cages (Lac-NCs) were pre-
pared by UV (365 nm) irradiation of aqueous nucleo-
cages in the presence of 4 at 10 �C (see Section 4).
The progress of photo-crosslinking was monitored by
fluorescence spectra (Fig. 2A, excitation at 330 nm).17

Upon UV irradiation, fluorescence intensity at
465 nm decreased and a new peak appeared at
390 nm, which reflects the photo-crosslinking of nu-
cleo-cages with 4. Absorption spectrum of aqueous
mixture (Fig. 2B) was changed after UV irradiation
probably by the structural change of 4. This is sup-
ported by the intact absorption spectrum of nucleo-
cages upon UV (365 nm) irradiation. Figure 2D shows
CLSM image of Lac-NCs prepared by photo-crosslink-
ing of nucleo-cages with 4 (300 lM). Apparently, the
spherical structure of nucleo-cages is maintained during
the lactose modification.
2.2. Estimation of lactose contents in Lac-NCs

In order to estimate the lactose content introduced in
Lac-NCs, decrease in the bulk concentration of 4 after
UV irradiation was investigated by measuring the
absorbance at 273 nm. At this wavelength, the absor-
bance before and after UV (365 nm) irradiation shows
no changes (see Fig. 2B). Figure 3 shows the absorp-
tion spectra of ultrafiltration (cut off Mw: 3000)
filtrate of aqueous mixture of nucleo-cages
([ODN] = 20 lM, [NaCl] = 0.5 M) and 4 (300 lM)
before (line A) and after (line B) the UV irradiation.
The spectrum in Figure 3A is characteristic to that
of 4 in the absence of nucleo-cages, and is ascribed
to the unbound species in the bulk. The decrease of
absorbance at 273 nm corresponds to the concentra-
tion change of unbound 4 from 300 to 266.6 lM.
The observed concentration decrease (33.4 lM) reflects
the amount of 4 cross-linked to ODNs. The result
indicates that one molecule of 4 was introduced per
9.1 bp of nucleo-cages.
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Scheme 1. Synthesis of lactose-conjugated psoralen 4.
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Figure 3. UV–vis spectra of ultrafiltration filtrate of nucleo-cages

aqueous solutions at 25 �C. (A) Before and (B) after UV irradiation in

the presence of 4 (300 lM).
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2.3. Melting behaviors of Lac-NCs

The melting behaviors of three Lac-NCs samples pre-
pared in the presence of 4 at various concentrations
(300, 450, and 600 lM) are shown in Figure 4, together
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Figure 4. Melting curves of nucleo-cages; (A) unmodified nucleo-

cages, (B–D) Lac-NCs (concentration of 4 for photo-crosslinking: (B)

600 lM, (C) 450 lM, (D) 300 lM).
with that observed for unmodified nucleo-cages. The
melting curves of Lac-NCs shifted to higher temperature
(Tm1 = ca. 42 �C) compared to the unmodified nucleo-
cages (Tm1 = 39 �C and Tm2 = 54 �C). This result
indicates that nucleo-cages are stabilized by the photo-
crosslinking. In the case of Lac-NCs, the slope of melt-
ing curves became smaller over the broad temperature
range, suggesting that the melting of duplexes in
Lac-NCs is less cooperative.

2.4. CLSM observation of interaction of Lac-NCs with
peanut lectin

In order to image the interaction between Lac-NCs
and galactose-specific lectin, rhodamine labeled peanut
lectin (Rho-PNA, Mw 110 kDa) and YOYO-1-stained
Lac-NC were observed by CLSM. Figure 5 shows the
CLSM images of YOYO-1-stained Lac-NCs in the
presence of Rho-PNA ([Rho-PNA] = 2 lM, in
50 mM sodium phosphate buffer, pH 7.5). Green fluo-
rescence of YOYO-1 indicates the spherical micro-
structure of Lac-NCs (Fig. 5A, Ex: 488 nm,
Detection: 505–530 nm). The red fluorescent ascribed
to the rhodamine unit of Rho-PNA (Fig. 5B) was ob-
served as concentric circles, indicating binding of PNA
to Lac-NCs. As the fluorescence of Rho-PNA is
detected also from the interior of Lac-NC, it is not
only bound to the surface but also penetrated into
the interior of Lac-NCs.

On the other hand, in the CLSM image of aqueous mix-
tures consisting of unmodified nucleo-cages and 2 lM
Rho-PNA, Rho-PNA was excluded form the interior
of the YOYO-1-stained unmodified nucleo-cage (pH
7.5, Fig. 6A and B). CLSM images of Lac-NC in the
presence of Rho-PNA (2 lM) and lactose (3 mM) also
show the exclusion of Rho-PNA from Lac-NC
(Fig. 6C and D). Apparently, interactions between
Lac-NC and Rho-PNA are inhibited by excess lactose.
These results indicate that the interaction of Lac-NC
with Rho-PNA is controlled by specific recognition
between lactose and PNA.



Figure 6. CLSM images of nucleo-cages at 10 �C, [ODN]total = 20 lM,

[NaCl] = 0.5 M, [YOYO-1] = 1 lM, [Rho-PNA] = 2 lM, pH 7.5,

50 mM sodium phosphate buffer. (A and B) Unmodified nucleo-cages.

(C and D) Lac-NCs in the presence of 3 mM lactose, [4] = 300 lM. (A

and C) Excitation at 488 nm, detection at 505–530 nm; fluorescence of

YOYO-1 (B and D) excitation at 543 nm, detection beyond 560 nm;

fluorescence of rhodamine.

Figure 5. CLSM images and fluorescence profiles of Lac-NCs at 10 �C,

[ODN]total = 20 lM, [NaCl] = 0.5 M, [YOYO-1] = 1 lM, [Rho-

PNA] = 2 lM, in 50 mM sodium phosphate buffer, pH 7.5. (A)

Excitation at 488 nm, detection at 505–530 nm; fluorescence of

YOYO-1, (B) excitation at 543 nm, detection beyond 560 nm; fluores-

cence of rhodamine.

4314 K. Kim et al. / Bioorg. Med. Chem. 15 (2007) 4311–4317
2.5. Binding isotherm of peanut lectin to Lac-NCs

To evaluate the binding affinity of PNA to Lac-NCs,
binding isotherm of Rho-PNA to Lac-NCs was investi-
gated. The concentration of free Rho-PNA in the super-
natant after centrifugation of mixtures consisting of
Lac-NCs ([ODN]total = 20 lM, [NaCl] = 0.5 M) and
Rho-PNAs (0.75–6 lM) was determined by fluorescence
intensity of rhodamine. Figure 7 shows the binding iso-
therm of Rho-PNA to unmodified nucleo-cages and
Lac-NCs at pH 7.5 (A) and pH 5.0 (B), respectively.
The binding isotherm at pH 5.0 was analyzed by Scat-
chard plot (Eq. 1) to obtain the association constant
(Ka) and maximum amount of Rho-PNA bound to
Lac-NCs ([Bound PNA]max).

½Bound PNA�
½Free PNA� ¼ �Ka½Bound PNA�

þ Ka½Bound PNA�max ð1Þ
In pH 7.5 phosphate buffer, specific binding of
Rho-PNA to Lac-NC was observed (Fig. 7A), whereas
the interaction to unmodified nucleo-cages was negligi-
bly weak. The binding isotherm of Rho-PNA to
Lac-NC at pH 7.5 shows a sigmoidal curve. Although
the curve cannot be strictly analyzed by Scatchard plot,
it indicates that the apparent affinity constant of
Rho-PNA to Lac-NC is of the order of 105 M�1.
In contrast, different binding behavior of Rho-PNA to
Lac-NC was observed at pH 5 (Fig. 7B). The affinity of
Rho-PNA against Lac-NCs at pH 5.0 was calculated
to be Ka = (9.0 ± 2.0) · 105 M�1 and [Bound PNA]max

= 1.97 lM, whereas that against unmodified nucleo-
cages was calculated to be Ka = (6.0 ± 2.1) · 105 M�1

and the [Bound PNA]max = 1.27 lM. Since PNA is
composed of isolectins which have isoelectric points of
5.70–6.70,18 PNA has positive net charges at pH 5.0. It
is presumed that the binding of Rho-PNA to Lac-NCs
at pH 5.0 results from both the specific interaction and
non-specific electrostatic interactions.
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3. Conclusion

Lactose-modified nucleo-cages were prepared by photo-
crosslinking nucleo-cages with lactose-conjugated
psoralens 4. Rho-PNAs are bound not only on the sur-
face but also into the interior, with the apparent affinity
constant of ca. 105 M�1. The present lactose-modified
nucleo-cages have the following features: first, they are
novel micro-sized DNA-assemblies appended with lac-
tose units. Second, proteins can penetrate interior of
the nucleo-cages. Together with the biodegradability,
Lac-nucleo-cages would be widely applied to the analy-
sis, separation, and inhibition for the lactose specific cell
and viruses.
4. Experimental

4.1. Instrumental

1H NMR spectra were recorded on Bruker DRX 600
spectrometer at ambient temperature with tetramethylsi-
lane or residual solvent peak as internal references.
MALDI-TOF mass spectra were obtained on a PE
Applied Biosystem Voyager System 1180 MALDI-
TOF type mass spectrometer with dithranol and a-cya-
no-4-hydroxy cinnamic acid (CHCA) as matrix.
Infrared spectra were recorded on a Nicolet Magna-IR
840 spectrophotometer. Fluorescence spectra were
recorded at 10 �C in a 1.0 mm quartz cell with a
F-4500 fluorescence spectrophotometer. UV–vis spectra
were recorded in a 1.0 mm quartz cell with a JASCO
V-570 spectrophotometer.
4.2. Materials

Synthetic ODNs (purified by HPLC) were purchased
from Thermo Electron Corporation (Germany) as
lyophilized powders and used without further purifica-
tion. YOYO-1 iodide was purchased from Molecular
Probe Co. Ltd as 1 mM DMSO solution. Rhodamine la-
beled peanut lectin (Rho-PNA, Mw 110 kDa, 3.2 mole-
cules of rhodamine per molecule of PNA) was
purchased from Vector.

4.3. Synthesis of lactose-conjugated psoralen (Lac-psoralen)

Scheme 1 shows the synthesis of Lac-psoralen 4 from
4, 5 0, 8-trimethylpsoralen. Compound 5 was synthe-
sized by chloromethylation of 4, 5 0, 8-trimethylpsoralen
according to the reported procedure16 (62%). 1H
NMR: (600 MHz, CDCl3): d 7.60 (s, 1H), 6.27 (s,
1H), 4.75 (s, 2H), 2.57 (s, 3H), 2.53 (s, 6H) ppm.
MALDI-TOF-MS (matrix: dithranol): m/z 277
([M+H]+).

Compound 6 was synthesized by nucleophilic substitu-
tion of compound 5 by 1,2-bis(2-aminoethoxy)ethane
according to the reported procedure14b (65%). 1H
NMR: (600 MHz, D2O): d 6.93 (s, 1H), 5.61 (s, 1H),
3.44–3.46 (m, 8H), 3.35 (t, J = 5.3 Hz, 2H), 2.58–2.59
(m, 4H), 2.15 (s, 3H), 1.98 (s, 3H), 1.66 (s, 3H) ppm.
IR (NaCl): 3377, 2920, 2871, 1705, 1594, 1183,
1107 cm�1. MALDI-TOF-MS (matrix: CHCA): m/z
389 ([M+H]+).

Lactonolactone 7 (0.13 g, 0.39 mmol) and compound 6
(0.15 g, 0.39 mmol) were dissolved in methanol
(1.5 mL) and the mixture was refluxed with magnetic
stirring for 4 h. The precipitate formed was filter and
purified by silica gel column chromatography (eluting
with gradually changed solution from chloroform/meth-
anol/water (10:6:1) to 100% methanol). Lac-psoralen 4
was obtained as colorless powder (0.045 g, 16%). 1H
NMR: (600 MHz, D2O): d 7.10 (s, 1H), 5.80 (s, 1H),
4.37 (d, J = 7.7 Hz, 1H), 4.20 (d, J = 2.6 Hz, 1H), 4.00
(t, J = 3.1 Hz, 1H), 3.79 (dd, J = 4.3, 6.3 Hz, 1H),
3.74–3.76 (m, 2H), 3.69 (dd, J = 3.3, 11.9 Hz, 1H),
3.49–3.62 (m, 13H), 3.30–3.42 (m, 3H), 3.16–3.19
(m, 2H), 2.66 (t, J = 5.1 Hz, 2H), 2.25 (s, 3H), 2.12 (s,
3H), 1.88 (s, 3H) ppm. IR with a horizontal sampling
accessory with diamond internal reflection element
(Smith Detection, DuraSampleIR): 3327, 2922, 2872,
1697, 1637, 1593, 1541, 1400, 1276, 1074, 1045 cm�1,
MALDI-TOF-MS (matrix: CHCA): m/z 729
([M+H]+). Anal. Calcd for C33H48N2O16 (as dihydrate):
C, 51.83; H, 6.85; N, 3.66. Found: C, 51.49; H, 6.35; N,
3.73.

4.4. Preparation of nucleo-cages

Nucleo-cages were prepared by mixing equimolar
ODNs 1–3 ([total ODN] = 20 lM) in 0.5 M aqueous
NaCl at room temperature. The mixture was heated to
70 �C and kept at this temperature for 5 min, to secure
complete dissociation of ODNs. Succeedingly, the mix-
ture was cooled to 10 �C at a constant cooling rate
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of �0.33 �C min�1. The preparation of nucleo-cages was
confirmed by CLSM observation.

4.5. Preparation of lactose-modified nucleo-cages (Lac-
NCs)

Aqueous solution of Lac-psoralen 4 (10 mM) was added
to a solution of intact nucleo-cages (1 + 2 + 3, 200 lL)
at the final concentration of [total ODN] = 20 lM,
[NaCl] = 0.5 M, [4] = 300, 450 or 600 lM. The mixture
was photo-irradiated (ca. 8 mW cm�2 for 240 min,
5 �C) in a 1.0 mm quartz cell with the 365 nm bright line
using high-pressure mercury lamp (USHIO, USH-
500SC) and a monochromator (Jasco, CT-10). The
progress of photo-crosslinking was monitored by fluo-
rescence spectra. Absorption spectra of the aqueous
mixtures were also recorded before and after UV irradi-
ation, by diluting the reaction mixture for five times with
0.5 M NaCl aqueous solution.

4.6. Determination of lactose contents in Lac-NCs

An aliquot (200 lL) of Lac-NCs solution in 0.5 M aque-
ous NaCl was filtered through a Millipore Microcon
Centrifugal Filter Devices (cut off Mw 3000) at
10,000 rpm for 90 min. Then filtrates was diluted three
times with pure water and the amount of Lac-psoralen
unbound was quantified by absorbance of the filtrate
at 273 nm.

4.7. Melting behaviors of nucleo-cages

Aqueous solution of Lac-NCs and unmodified nucleo-
cages were diluted five times with 0.5 M aqueous NaCl.
Absorbance of these solutions at 260 nm was recorded
as a function of temperature on a spectrophotometer
(heating rate, 1.0 �C min�1).

4.8. CLSM observation of interaction between PNA and
nucleo-cages

Confocal laser scanning fluorescence microscopy
(CLSM) was conducted on a Carl Zeiss LSM 510 instru-
ment with a 63· oil-immersion objective. Excitation was
made with argon and helium–neon lamp and the excita-
tion wavelength was selected with an interference filter.
Emission range was selected with interference filter
either with transmittance 505–530 nm or beyond
560 nm. An aliquot (30 lL) of nucleo-cages solution
was placed on a glass-bottomed dish and observed by
CLSM. In order to observe the interaction between
Lac-NCs and PNA, rhodamine labeled peanut lectin
(Rho-PNA) was employed. After Rho-PNA was added
to Lac-NCs solution ([total ODN] = 20 lM,
[NaCl] = 0.5 M, [4] = 300 lM, in 50 mM sodium phos-
phate buffer, pH 7.5), the solution was aged for 1 h
and YOYO-1 was added ([YOYO-1] = 1 lM).

4.9. Binding curves of Rho-PNA to nucleo-cages

Various volumes of Rho-PNA stock solution (45 lM)
were added to Lac-NC solution and the mixtures (final
volume, 60 lL) were incubated at 10 �C for 1 h. The
mixtures were then centrifuged at 10,000 rpm for
10 min and the supernatants (30 lL) were diluted four
times. To determine the amount of unbound Rho-
PNA, fluorescence intensity was measured at
kem = 570 nm at 10 �C (kex, 530 nm).
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