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Introduction

In recent years the study of modified oligodeoxyribonucleo-
tides (ODNs) has become an area of increased research activ-
ity.[1] The synthesis of modified ODNs provides research oppor-
tunities for preparing 1) therapeutic reagents, by regulating
gene and protein expression through antisense and antigene
strategies,[2] 2) diagnostic agents, by sequencing genomes and
identifying genetic abnormalities,[3] 3) probes, by detecting
DNA–DNA, DNA–RNA, and DNA–protein interactions,[4] and 4)
molecular architectures, by base-pairing between programmed
sequences.[5] The specific applications of each phosphoramidite
molecule used for preparing new modified ODNs are dictated
by its chemical and physical properties. We were interested in
using lithocholic acid, which is a hydrophobic secondary bile
acid and a substrate of nuclear Pregnane X receptor (PXR), as a
unit within ODNs.[6] Because lithocholic acid has one carboxyl
group and one secondary hydroxyl group, it can be adapted
to the general protocols of ODN synthesis by using the phos-
phoramidite method. Cholesterol is known for its ability to
penetrate and interact with cell membranes.[7] In most cases,
cholesterol molecules have been linked at the 3’ or 5’ terminus
of ODNs, whereas we chose to insert the molecule in the
middle of the chain. We expect that ODNs incorporating a
cholane-3,24-diol (3a,5b)[8] unit, which is a reduced form of
lithocholic acid, could exhibit relatively enhanced cellular
uptake properties because of the presence of this cholesterol-
like unit. Additionally, cholane-3,24-diol (3a,5b) meets the gen-
eral criteria for modification of ODNs[9] and it can be used as a
platform for hairpin-type ODNs (Figure 1).[10] Indeed, molecular
modeling studies on a simple modified ODN (5’d-AALTT) result-
ed in a hairpin-type ODN (Figure 2).[11] In this paper, we de-

scribe the synthesis and characterization of a novel phosphora-
midite monomer formed using lithocholic acid and its incorpo-
ration into ODNs. We have studied the behavior of these
modified ODNs as hairpin mimics by analysis of data from
melting point (Tm), CD spectroscopic, and cell-based permeabil-
ity studies.

Results and Discussion

Synthesis of phosphoramidite 4 and L-ODNs

We synthesized cholane-3,24-diol (3a,5b) (2) readily by reduc-
tion of the carboxyl group of lithocholic acid (1) (Scheme 1).
The primary hydroxyl group of cholane-3,24-diol (3a,5b) was
protected selectively by using the 4,4’-dimethoxytrityl (DMTr)
group. The desired phosphoramidite 4 was obtained by cou-
pling the secondary hydroxyl group of 24-O-(4,4’-dimethoxytri-
tyloxy)cholane-3,24-diol (3) with chloro-(2-cyanoethoxy)-N,N-
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Their enhanced cell permeability and their ability to mimic DNA
structures make modified oligodeoxyribonucleotides (ODNs) very
important substances for increasing our understanding of cell bi-
ology and for therapeutic applications. Lithocholic acid is a hy-
drophobic secondary bile acid that is a substrate of nuclear Preg-
nane X receptor (PXR). We designed and synthesized novel litho-
cholic acid-based ODNs (L-ODNs) by using a new phosphorami-
dite derived from lithocholic acid. By comparing data obtained

from circular-dichroism, melting-point, and theoretical studies,
we believe that these L-ODNs adopt DNA hairpin structures. Fur-
thermore, L-ODNs have enhanced cellular uptake properties with
respect to regular ODNs. To demonstrate their enhanced cell per-
meabilities, we carried out cellular uptake experiments of L-ODNs
in HeLa cells. By attaching fluorescein as a fluorescence label and
using confocal microscopy, we observed that the permeability of
L-ODNs is much higher than that of natural ODNs.
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diisopropylaminophosphine. The overall yield for the three
steps was 46 %.

The novel phosphoramidite 4 was applied successfully to
the synthesis of lithocholic acid-based ODNs. We designed the
modified ODNs (L-ODNs) with a cholane-3,24-diol (3a,5b) unit
in the middle of their ODN sequences so that they would be
mimics of hairpin structures, and we synthesized them using
the protocols of solid-phase oligonucleotide synthesis[12] on an
automated DNA synthesizer (PerSeptive Biosystems 8909 Expe-
diteTM Nucleic Acid Synthesis System). For comparison, the
unmodified ODNs were also prepared. We confirmed that the
syntheses of these L-ODNs were successful by DMTr monitor-
ing (see Supporting Information). The modified ODNs were pu-
rified by reversed-phase HPLC. These modified ODNs were
characterized by MALDI-TOF mass spectrometry (Table 1).

UV spectroscopic melting ex-
periments: Structural studies of
L-ODNs as hairpin mimics

We analyzed the binding affini-
ties of L-ODNs by obtaining UV
spectroscopic melting curves,
with melting transitions moni-
tored at both 260 and 284 nm.
The UV spectral absorbance of
the A–T Watson–Crick duplexes
did not appear to change when
their melting transitions were
monitored at 284 nm, since this
wavelength marks an isosbestic
point of double-helix structures
with A–T-rich sequences.[13] Thus,
any change in the absorbance at
284 nm is induced by structural
transitions other than simple
duplex formation/destruction,
such as triplex or more complex
aggregations. Table 2 summariz-

Figure 1. Possible structures of T12-L-T12, A12-L-T12, T12-C4-T12, and A12-C4-T12. a) T12-L-T12 : random coil. b) A12-L-T12 : hairpin mimic. c) T12-C4-T12 : random coil. d) A12-C4-
T12 : natural hairpin structure. The cholane-3,24-diol (3a,5b) unit is denoted by the letter L.

Figure 2. Optimized structure of a simple L-ODN (sequence: 5’d-AALTT). Local
energy-minimized structure obtained by the MM+ force-field method.

Scheme 1. Synthesis of phosphoramidite derivative 4. a) LiAlH4 (4.6 equiv), THF, 4 h, 96 %. b) DMTrCl (1.9 equiv), DMAP,
Et3N, pyridine, 89 %. c) Chloro-(2-cyanoethoxy)-N,N-diisopropylaminophosphine (1.5 equiv), DIPEA (3 equiv), CH2Cl2 ,
54 %.
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es the sequences of the ODNs and the data from their thermal
denaturing experiments. Figure 3 displays the relative absorb-
ance of curves used for determining values of Tm. Entries 1 and
3 suggest that T12-L-T12 and T12-C4-T12 do not have double-helix
geometries. T12-L-T12, which has a unit of compound 4 incorpo-
rated into the middle of a dT24 sequence, cannot adopt a
double-stranded secondary structure (entry 1). Similarly, T12-C4-
T12, which has a C4 hairpin-loop unit incorporated into the
middle of the dT24 sequence, cannot adopt a double-stranded
secondary structure either (entry 3). Thus, the structures of T12-
L-T12 and T12-C4-T12 must be random coils, a situation that is
confirmed by the lack of measurable values of Tm at both 260
and 284 nm.[14] A12-L-T12, which incorporates a unit of com-
pound 4 in the middle of a dA12T12 sequence, has a Tm value of
74 8C when detected at 260 nm, but does not have an observa-
ble value of Tm when measured at 284 nm. Thus, A12-L-T12 ap-
pears to adopt a double-stranded secondary structure
(entry 2). A12-C4-T12, which incorporates a C4 unit (a natural hair-
pin domain) into the middle of the dA12T12 sequence, almost
certainly adopts a secondary structure[15] (hairpin structure;
entry 4) and has a high value of Tm. We observed the same re-
sults in the cases of hairpins containing hetero-sequences (en-

tries 5–8). X6-C4-X6, which has a C4 hairpin-loop unit incorporat-
ed into the middle of an inverted repeat sequence (palin-
drome), forms a hairpin structure (entry 5). X6-L-X6 possibly
forms a hairpin structure that is more stable than the natural
sequence (entry 6). As the length of the palindrome was in-
creased, the stability of the hairpin structure also increased
(entries 6–8). We did not measure at 284 nm because this
wavelength is not an isosbestic point of these hetero-sequen-
ces (entries 5–8). Over a 40-fold concentration range, the Tm

values of A12-L-T12 and X6-L-X6 do not depend on the strand
concentration; this confirms the formation of the intramolecu-
lar hairpin structures (see Supporting Information).

To investigate triplex formation, we determined the values
of Tm for a mixture of ODNs. The mixtures of T12-L-T12 and A12

(entry 10) and T12-C4-T12 and A12 (entry 11) each have one value
of Tm of 55 8C when measured at both 260 and 284 nm. Pre-
sumably, one dT12 sequence of T12-L-T12 (or T12-C4-T12) forms a
double helix with the added dA12 and then the other dT12 se-
quence of T12-L-T12 (or T12-C4-T12) assembles with it to form a
triplex. The duplex and triplex must dissociate simultaneously
because only one value of Tm was observed. Both the mixture
of A12-L-T12 and T12 (entry 12) and the mixture of A12-C4-T12 and
T12 (entry 13) have two values of Tm. The dT12 and dA12 sequen-
ces of A12-L-T12 (or A12-C4-T12) assemble into a double helix
(having a hairpin structure) through intramolecular Watson–
Crick base pairing, and then the added dT12 unit (T12) forms a
triplex with it through Hoogsteen base-pairing. Thus, A12-L-T12

and A12-C4-T12 appear to form similar double- and triple-strand-
ed assemblies when a complementary third strand is added to
each of them and, hence, the L-ODN structure can be used a
substitute building block for hairpin loops.

CD spectroscopic studies

CD spectroscopy is a useful method for distinguishing the
structures of ODNs.[16] We have applied this technique to study

Table 1. MALDI-TOF mass spectroscopic data of the L-ODNs.

Sequence Calculated Found

5’d-T12 L T12 7663.3 7662.7
5’d-A12 L T12 7771.5 7771.5

5’d-AACGTT L AACGTT 4069.0 4067.8
5’d-CAACGTT L AACGTTG 4687.4 4689.2

5’d-CCAACGTT L AACGTTGG 5305.8 5304.8

Conditions: PE Biosystems Voyager System 4095, accelerating voltage:
20 000 V, matrix: 2,5-dihydroxybenzoic acid, polarity: positive.

Table 2. Melting temperatures of synthetic L-ODNs.

Name Sequences Tm(260 nm) Tm(284 nm)

1 T12-L-T12 5’d-T12LT12 No Tm No Tm

2 A12-L-T12 5’d-A12LT12 74 8C No Tm

3 T12-C4-T12 5’d-T12C4T12 No Tm No Tm

4 A12-C4-T12 5’d-A12C4T12 68 8C 29 8C[a]

5 X6-C4-X6 5’d-AACGTTC4AACGTT 66 8C n.d.[b]

6 X6-L-X6 5’d-AACGTTLAACGTT 72 8C n.d.[b]

7 X7-L-X7 5’d-CAACGTTLAACGTTG 76 8C n.d.[b]

8 X8-L-X8 5’d-CCAACGTTLAACGTTGG 82 8C n.d.[b]

9 A12/T12 5’d-A12/5’d-T12 38 8C No Tm

10 T12-L-T12/A12 5’d-T12LT12/5’d-A12 55 8C 55 8C
11 T12-C4-T12/A12 5’d-T12C4T12/5’d-A12 53 8C 53 8C
12 A12-L-T12/T12 5’d-A12LT12/5’d-T12 17, 75 8C 17 8C
13 A12-C4-T12/T12 5’d-A12C4T12/5’d-T12 19, 70 8C 19 8C

Values of Tm were determined by measuring changes in absorbance at
260 and 284 nm (cuvette, 1 cm path length) as a function of temperature
in Tris-HCl buffer (10 mm, pH 7.2) containing NaCl (100 mm) and MgCl2
(20 mm). The temperature was raised at a rate of 1.0 8C min�1. Total ODN
concentration is 3 mm. [a] Tm value measured at 284 nm is induced by
the C4 units, since 284 nm is not an isosbestic point for the cytidine base.
[b] n.d.=not detected.

Figure 3. Thermal denaturation curves of synthetic ODNs at 260 nm. All ab-
sorbance data are normalized (AT: absorbance at temperature T; A0: absorb-
ance at initial temperature; AF: absorbance at final temperature).
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the conformational changes arising from the modifi-
cation of the ODNs. In Figure 4 a, we display superim-
posed CD spectra of the modified and natural ODNs.
The CD spectra of T12-L-T12 and T12-C4-T12 each have
weak positive CD bands at 218 and 281 nm and a
weak negative CD band at 248 nm. This pattern is
almost the same as that displayed by T12. The CD
spectra of A12-L-T12 and A12-C4-T12 each have positive
CD bands at 218 and 283 nm and a negative CD
band at 249 nm. These CD spectra are almost identi-
cal to that of the mixture of A12 and T12; this indicates
that they might possess B-form duplex structures. In
Figure 4 b, the CD spectra representing the formation
of triplexes are superimposed. The CD spectrum of
T12-L-T12 :A12 has strong positive CD bands at 217 and
281 nm and negative CD bands at 207 and 248 nm.
The CD spectrum of T12-L-T12 alone reflects its
random coil structure (Figure 4 a, &). The CD spec-
trum of T12-L-T12 in the presence of A12, however, is changed
dramatically to have almost the same pattern as the spectrum
of the mixture between A12-C4-T12 and T12. This observation
suggests that the mixture of T12-L-T12 and A12 adopts a triplex
structure similar to the one formed by A12-C4-T12 :T12. Thus,
these circular dichroism spectra suggest that the L-ODNs do
indeed adopt DNA-hairpin structures.

Studying cellular uptake and stability to the nuclease

To analyze the cell permeability of synthetic ODNs, we at-
tached FITC (fluorescein) as a fluorescence label at the 5’ ends of
T12-L-T12 and T12-C4-T12. We studied the uptake of these ODNs
in HeLa cells (Figure 5). We used two commercially available
fluorescence dyes, DAPI (blue) and MitoTracker Red (red), to
detect the cellular localization of the nucleus and mitochon-
dria, respectively. From the confocal microscopy images, we
observe that the permeability of T12-L-T12-FITC is much higher

than that of T12-C4-T12-FITC and that T12-L-T12-FITC localizes
mainly at the nucleus; this is consistent with the fact that L is
a substrate of the nuclear receptor. The uptake level of T12-C4-
T12-FITC is the basal-level uptake of the oligonucleotides by
cells.[7e] At present, we do not know the exact mechanism of
the nuclear localization. The dye FITC is known to bleach out
very quickly during confocal imaging in the cell, and, therefore,
we measured such images at a variety of times (Figure 6). After
incubation for 15 min, we observed that the sample treated
with T12-L-T12-FITC had a higher number of cells that displayed
green emission than did the sample treated with T12-C4-T12-
FITC. The highest permeation efficiency of T12-L-T12-FITC was
observed after incubation for 8 h. Longer incubation times
(>15 h), however, cause intensities to decrease, possibly be-
cause of degradation by cellular nucleases. Consistent with this
observation, T12-L-T12-FITC and T12-C4-T12-FITC degrade in vitro
in the presence of DNAse I in a manner similar to that of a
control unmodified ODN (see Supporting Information).

Figure 4. CD spectra of synthesized ODNs. All curves were obtained at 10 8C. a) T12-L-T12 (&) ; A12-L-T12 (*) ; T12-C4-T12 (~) ; A12-C4-T12 (!). b) A mixture of T12-L-T12 and
A12 (&) ; a mixture of T12-C4-T12 and A12 (*) ; a mixture of A12-L-T12 and T12 (~) ; a mixture of A12-C4-T12 and T12 (! ). The experimental conditions are described in
Table 2.

Figure 5. Confocal microscopic images of synthetic ODNs. a) T12-C4-T12-FITC. b) T12-C4-T12-
FITC and MitoTracker Red (merged image). c) T12-C4-T12-FITC and DAPI (merged image).
d) T12-C4-T12-FITC, DAPI, and MitoTracker Red (merged image). e) T12-L-T12-FITC. f) T12-L-T12-
FITC and MitoTracker Red; bar: 10 mm (merged image). g) T12-L-T12-FITC and DAPI (merged
image). h) T12-L-T12-FITC, DAPI, and MitoTracker Red (merged image). Incubation time: 10 h.
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Conclusion

We have designed and synthesized a novel phosphoramidite
monomer from lithocholic acid and have incorporated it into
ODNs as a structural scaffold for preparing hairpin mimics. The
secondary structures of L-ODNs were confirmed by determin-
ing values of Tm and by analyzing CD spectra. These analyses
revealed that the L-ODNs adopt hairpin structures with
double-helix formation through intramolecular hydrogen
bonding between complementary sequences of ODNs, that is,
they mimic natural DNA hairpin structures. These ODNs can
adopt triplex structures when they assemble with an added
third strand. We also investigated whether incorporation of
cholane-3,24-diol (3a,5b) into L-ODNs provides an enhance-
ment in their cellular uptake by penetrating and interacting
with cell membranes and nuclei. The L scaffold serves a double
purpose: to mediate the formation of a stable hairpin structure
and to increase cell permeability. Currently, we are preparing L-
ODNs that contain hetero-sequences and mismatched sequen-
ces for similar studies.

Experimental Section

Instruments and methods : All solvents were dried and distilled
carefully prior to use. 1H NMR and 13C NMR spectra were obtained
on an FT-300 MHz Bruker Aspect 3000 spectrometer. Mass spectra
(FAB) were obtained by using a Jeol JMS-AX505WA spectrometer
at the Korea Basic Science Center, Daejeon, Korea. The IR spectra
were obtained on a Bruker FTIR PS55+ spectrometer. Values of Tm

were determined by using a Shimadzu UV-2501PC UV/Vis spectro-
photometer; the temperature was adjusted by a Polyscience 9110
programmable digital temperature controller. The mixture of ODNs
was equilibrated by cooling it to 5 8C, then, after 30 min, the CD
spectra were recorded on a Jasco J-715 CD-spectropolarimeter. The
temperature was adjusted by using a Jasco PTC-348WI tempera-
ture controller. All reactions were performed in oven-dried glass-
ware under a positive pressure of argon. Analytical TLC was per-
formed on precoated silica gel plates and visualized with UV light
and/or by spraying with p-anisaldehyde or phosphomolybdic acid
solutions followed by heating on a hotplate. Flash column chroma-
tography was performed with silica gel.

Cholane-3,24-diol (3a,5b) (2): LiAlH4 (248 mg, 6.58 mmol) was
added slowly to a solution of lithocholic acid (1; 527 mg,
1.40 mmol) in anhydrous THF (30 mL) at 0 8C. The reaction mixture

was then stirred for 2.5 h at room
temperature. H2O (250 mL), 15 %
aqueous NaOH (250 mL), and more
H2O (750 mL) were added sequen-
tially to the reaction mixture. The
white solid was removed by filtra-
tion. The organic layer was dried
(MgSO4) and concentrated under
reduced pressure. Purification by
flash chromatography gave the
product (486 mg, 1.33 mmol, 95 %)
as a white solid. M.p. 96.5–97.8 8C;
1H NMR (300 MHz, CDCl3) d=3.61–
3.57 (m, 3 H), 1.82–1.01 (m, 28 H),
0.90 (s, 6 H), 0.62 (s, 3 H); 13C NMR
(75.5 MHz, CDCl3) d=70.3, 62.0,
56.0, 55.7, 42.1, 41.6, 35.9, 35.3,

35.1, 35.0, 34.1, 31.5, 30.0, 29.0, 27.8, 26.8, 26.0, 23.7, 23.0, 20.3,
18.2, 11.6; IR (neat): ñ=3205, 2934, 2862, 1446, 1066, 914,
728 cm�1; HRMS (FAB): calcd for C24H41O: 345.3157 [M�OH]+ ;
found 345.20; Crystal data (C24H42O2 + CH2Cl2): Mr=447.50, ortho-
rhombic, space group P2(1)2(1)2(1), a=7.3920(12), b=16.088(3),
c=21.568(4) K, a=90.0000, b=90.0000, g=90.00008, V=
2565.0(7) K3, Z=4, 1calcd=1.159 Mg m�3, MoKa radiation (l=
0.71073 K). Of 11 410 reflections collected on a Siemens SMART dif-
fractometer equipped with a CCD detector, 3692 were observed
(Rint=0.1685) and used for all calculations (program: SHELXL-97).
After absorption correction (psi scans) the structure was solved by
direct methods and refined anisotropically on F2. Final residuals:
R1=0.0828, wR2=0.2321 (I>21(I)) ; R1=0.0963, wR2=0.2471 (all data),
268 parameters.

CCDC-210019 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: (+44) 1223-336033; or deposit@ccdc.cam.uk).

24-O-(4,4’-Dimethoxytrityloxy)cholane-3,24-diol (3a,5b) (3):
DMTr-Cl (544 mg, 1.63 mmol) was added to a solution of cholane-
3,24-diol (3a,5b) (2 ; 455 mg, 1.25 mmol) and DMAP (68 mg,
0.56 mmol) in pyridine (10 mL). The reaction mixture was stirred at
room temperature for 19 h, and then the solvent was evaporated
under reduced pressure. Distilled H2O (90 mL) and EtOAc (30 mL)
were added. The organic layer was dried (MgSO4) and concentrat-
ed under reduced pressure. Purification by flash chromatography
(EtOAc/hexane 1:4) provided the product (744 mg, 1.12 mmol,
89 %) as a white solid. M.p. 81.2–82.1 8C; 1H NMR (300 MHz, CDCl3)
d=7.45 (d, J=7.2 Hz, 2 H), 7.35–7.26 (m, 7 H), 6.89–6.80 (dd, J1=
7.0, J2=1.9 Hz, 4 H), 3.80 (s, 6 H), 3.64 (br, 1 H), 3.04–2.98 (m, 2 H),
1.99–0.89 (m, 34 H), 0.63 (s, 3 H); 13C NMR (75.5 MHz, CDCl3): d=
159.0, 148.2, 137.6, 130.7, 129.0, 128.3, 127.2, 126.6, 113.7, 86.4,
72.6, 64.7, 57.3, 56.9, 55.9, 43.4, 42.9, 41.2, 40.9, 37.2, 36.6, 36.3,
36.1, 35.3, 33.1, 31.3, 28.9, 27.9, 27.4, 27.2, 24.9, 24.1, 21.6, 19.4,
12.8; IR (neat): ñ=3421, 2934, 2863, 1739, 1608, 1582, 1509, 1446,
1250, 1175, 1036, 827 cm�1; HRMS (FAB): calcd for C45H60O4:
664.4492 [M�OH]+ ; found 664.4489.

24-O-(4,4’-Dimethoxytrityl)cholane-3,24-diol 3-(2-cyanoethyl-
N,N-diisopropylphosphoramidite (3a,5b) (4): Chloro-(2-cyano-
ethoxy)-N,N-diisopropylaminophosphine (49 mL, 0.23 mmol) was
added to a solution of 3 (89 mg, 0.15 mmol) and N,N-diisopropyl-
phosphoramidite (DIPEA; 49 mL, 0.23 mmol) in CH2Cl2 (2 mL). After
the reaction mixture had been stirred at room temperature for
15 min, 5 % NaHCO3 (30 mL) solution and CH2Cl2 (8 mL) were

Figure 6. Incubation-time-dependent confocal microscopic images of synthetic ODNs.
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added. The organic layer was dried (MgSO4) and concentrated
under reduced pressure. Purification by flash chromatography pro-
vided the product as a white solid (69 mg, 0.081 mmol, 54 %).
1H NMR (300 MHz, CDCl3) d=7.35 (d, J=7.6 Hz, 2 H), 7.25–7.11 (m,
7 H), 6.73 (d, J=8.7 Hz, 4 H), 3.70 (s, 9 H), 3.54–3.51 (m, 2 H), 2.93–
2.90 (m, 2 H), 2.65 (t, J=6.4 Hz, 2 H), 1.88–0.80 (m, 46 H), 0.53 (s,
3 H); 13C NMR (75.5 MHz, CDCl3) d=159.0, 146.2, 137.6, 130.7,
129.0, 128.3, 127.2, 113.7, 110.1, 86.4, 77.9, 75.2, 74.9, 64.7, 59.1,
58.8, 57.2, 56.9, 55.9, 43.8, 43.7, 43.4, 43.0, 41.1, 40.9, 36.6, 36.2,
36.0, 35.3, 33.1, 32.3, 30.3, 28.9, 28.0, 27.4, 27.1, 25.4, 25.3, 25.2,
25.1, 24.9, 24.0, 21.5, 21.1, 21.0, 19.4, 12.7; 31P NMR (121 MHz,
CDCl3) d=148.1, 147.4; IR (neat): ñ=3353, 2962, 2935, 2866, 1608,
1509, 1463, 1446, 1376, 1364, 1300, 1250, 1178, 1035, 975, 827,
754 cm�1; HRMS (FAB): calcd for C54H78O5N2P1: 865.5648 [M+1]+ ;
found 865.5641.

Purification of synthesized L-ODNs : The synthesized oligonucleo-
tides were cleaved from the solid support by treatment with 30 %
aqueous NH4OH (1.0 mL) for 10 h at 55 8C. The crude products
from the automated ODN synthesis were lyophilized and diluted
with distilled water (1 mL). The ODNs were purified by HPLC
(Merck LichoCART C18 column, 10 N 250 mm, 10 mm, 100 K pore
size). The HPLC mobile phase was held isocratically for 10 min with
5 % acetonitrile/0.1m triethylammonium acetate (TEAA) buffer so-
lution (pH 7.0) at a flow rate of 3 mL min�1. The gradient was then
increased linearly over 10 min from 5 % acetonitrile/0.1m TEAA to
50 % acetonitrile/0.1m TEAA at the same flow rate. The fractions
containing the purified ODN were pooled and lyophilized. 80 %
aqueous acetic acid was added to the ODN. After 30 min at ambi-
ent temperature, the acetic acid was evaporated under reduced
pressure. The residue was diluted with water (1 mL), and the so-
lution was purified by HPLC under the conditions described above.
The ODNs were analyzed by HPLC to check their purities (Agilent,
ZORBAX Eclipse, XDB-C18, 4.6 N 150 mm, 5 mm), by using almost
the same eluent system, but at a flow rate of 1 mL min�1.

Fluorescence detection procedure for the cellular uptake study :
For detection of the cell permeability of synthetic ODNs, we at-
tached FITC (fluorescein) at the 5’-end of T12-L-T12 and T12-C4-T12 as
the fluorescence label. The HeLa cells (2 N 105 cells per well) were
grown for 24 h on cover slips placed in each well of a 24-well plate
at 37 8C in a humidified incubator supplemented with 5 % CO2.
Each nucleotide, T12-L-T12-FITC or T12-C4-T12-FITC, was diluted in
serum-free DMEM (Dulbecco’s Modified Eagle Media) at a final con-
centration of 3.6 mm. The cells were washed with PBS (phosphate-
buffered saline), and serum-free media containing each nucleotide
(400 mL) was added to the cells grown on coverslips. After incuba-
tion for 8 h, the cells were stained with MitoTracker Red
(10 ng mL�1; Molecular Probes, Eugene, OR) for 15 min at 37 8C.
The cells were washed twice with PBS and fixed with 4 % formalde-
hyde for 15 min at room temperature. After being washed twice
with PBS, the cells were stained with DAPI (4’,6-diamino-2-phenyl-
indole dihydrochloride hydrate; 100 mg mL�1) for 5 min. The cells
were washed twice with PBS, and then the cover slips were air-
dried. The cover slips were mounted by using a ProLong Antifade
Kit (Molecular Probes) according to the manufacturer’s instructions.
The fluorescence image was obtained by using either a fluores-
cence or confocal laser scanning microscope (Axiovert 100m, Carl
Zeiss, Germany).
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