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ABSTRACT: Components that form stable hairpin loops are highly useful for the development of functional
DNA and RNA molecules. We have designed and synthesized a sugar-modified thymidine analogue,
3′-deoxy-4′-C-(2-hydroxyethyl)thymidine (X), as a nucleosidic loop component stabilizing the hairpin
structure. The ODNsI-1-4, 5′-d[CGAACG-Xn-CGTTCG]-3′ (I-1, n ) 1; I-2, n ) 2; I-3, n ) 3; I-4, n
) 4), forming the hairpin loop structures, of which the loop moiety consisted of the analogueX, and also
the corresponding unmodified ODNsII-1 -4, 5′-d[CGAACG-Tn-CGTTCG]-3′ (II-1 , n ) 1; II-2 , n ) 2;
II-3 , n ) 3; II-4 , n ) 4), having a thymidine loop, were synthesized by the phosphoramidite method. The
melting temperatures (Tm) of the ODNsI-1-4 containingX in the loop moiety at 5µM were 67.1, 68.1,
73.0, and 69.3°C, respectively, and those of the control natural ODNsII-1 -4 were 65.3, 67.0, 69.2, and
68.8°C, respectively. Thus, the ODNsI-1-4 formed a more thermally stable hairpin than the corresponding
unmodified ODNsII-1 -4 having an equal number of loop residues. The hairpin structures of the modified
ODNs I-1-4 and the unmodified ODNsII-1 -4 were investigated by CD spectroscopy and molecular
mechanics calculations. These results showed that the 4′-branched nucleosideX can stabilize hairpin
structures when it is present in the loop moiety, probably due to the flexibility of the one-carbon-elongated
4′-branched structure.

Hairpin loops are the dominant secondary structure in
RNA and have various functional and structural roles (1).
In DNA, a number of sequences also have been known to
form stable hairpin structures, which could be important in
various biological processes, such as DNA replication and
transcription (1, 2). DNA hairpin loops are also important
as drug targeting sites; for example, in antigene therapy, drug
molecules recognize loop structures in a different way from
the usual Watson-Crick base-paired double-stranded struc-
tures (3).

In recent years, there has been growing interest in the
development of DNA and its synthetically altered analogues
as tools in biological studies and as therapeutic agents.
Compared with their corresponding RNA congeners, DNA
and its analogues are chemically and biologically stable and
also more easily synthesized, which is crucial for their use
as biological tools and therapeutics (4, 5). In DNA and its
analogues, the hairpin loop structures are important in

exerting biological effects. For example, it has been reported
that loop structures are essential for the catalytic activity of
deoxyribozymes (4, 5), that the hairpin tagging to terminals
of functional oligodeoxynucleotides (ODNs)1 stabilizes them
to nucleases (6-8), and that formation of dumbbell-type
ODNs by adding two loops on a double-stranded ODN
improves their potency as decoy molecules (9, 10).

Therefore, to develop novel DNA analogues with biologi-
cal potency, components for the loop moiety, which form
thermally stable and nuclease-resistant hairpins, would be
extremely useful. Nonnucleotidic synthetic loops have been
investigated and, in some cases, make more stable hairpin
structures than those possessing natural nucleotidic loops (11,
12). However, the nucleobases in the loops of hairpins are
often essential for stabilizing the structure and for exhibiting
biological functions, i.e., nucleobases stabilize DNA hairpin
loops by hydrogen bonding (13-15), constitute catalytic sites
of deoxyribozymes (4, 5), or interact with DNA-binding
proteins (16, 17). From this viewpoint, nucleoside analogues
bearing a natural nucleobase, which can form stable hairpin
loop structures, would be of great interest.
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With these findings and considerations in mind, we
designed and synthesized a sugar-modified thymidine ana-
logue, 3′-deoxy-4′-C-(2-hydroxyethyl)thymidine (X, Figure
1), as a component of loops, that is able to stabilize the
hairpin structure. The ODNsI-1-4 (Figure 1), 5′-d[C-
GAACG-Xn-CGTTCG]-3′ (I-1, n ) 1; I-2, n ) 2; I-3, n )
3; I-4, n ) 4), forming the hairpin loop structures, of which
the loop moiety consisted of the analogueX, were synthe-
sized. The thermal stability, susceptibility to a nuclease, and
structures of these ODNs were investigated. This report
describes the detailed results of these studies.

EXPERIMENTAL PROCEDURES

General Methods.NMR data are reported in parts per
million (ppm) downfield from Me4Si (1H) or H3PO4 (31P).
Silica gel chromatography was performed with Merck silica
gel 5715 or 9385 (neutral). Reactions were carried out under
an argon atmosphere.

3′-O-(tert-Butyldimethylsilyl)thymidine(6). A mixture of
thymidine (10.3 g, 40 mmol), imidazole (11.4 g, 168 mmol),
and TBSCl (12.6 g, 84 mmol) in DMF (150 mL) was stirred
at room temperature for 15 h, and then EtOH (50 mL) was
added. The resulting mixture was partitioned between AcOEt
and H2O, and the organic layer was washed with aqueous
saturated NaHCO3, H2O, and brine, dried, and evaporated.
A solution of the residue in THF/H2O/trifluoroacetic acid
(TFA) (4:1:1, 600 mL) was stirred at 0°C for 2 h and then
aqueous saturated Na2CO3 (600 mL) was added. The
resulting mixture was extracted by AcOEt (5 times), and the
extract was washed with brine, dried (Na2SO4), and evapo-
rated. The residue was purified by column chromatography
(silica gel; AcOEt/hexane 1:3-1:1) to give6 (8.4 g, 59%)
as a foam:1H NMR (CDCl3, 270 MHz)δ 8.43 (br s, 1 H,
NH-3), 7.63 (d, 1 H, H-6,J ) 1.3 Hz), 6.13 (dd, 1 H,J )
6.8, 6.8 Hz), 4.50 (m, 1 H, H-3′), 3.92 (dd, 1 H, H-5′a, J )
2.5, 12.4 Hz), 3.75 (dd, 1 H, H-5′b, J ) 3.5, 12.4 Hz), 2.35
(m, 1 H, H-2′a), 2.21 (ddd, 1 H, H-2′b, J ) 3.9, 6.8, 13.3
Hz), 1.92 (s, 3 H, CH3-5), 0.90 [s, 9 H, Si-C(CH3)3], 0.09
(s, 6 H, 2Si-CH3); MS (FAB) m/z 357 (MH+).

4′-Phenylselenothymine DeriVatiVe (5). A mixture of 6
(14.7 g, 41.2 mmol) and Dess-Martin periodinate (18) (18.4
g, 43.3 mmol) in CH2Cl2 (400 mL) was stirred at room
temperature for 1 h, and then aqueous saturated Na2S2O3 (80
mL) and aqueous saturated NaHCO3 (320 mL) were added.
The organic layer was separated and evaporated to give crude
7 as the residue. To a solution of the residue in CH2Cl2 (200
mL) was added slowly a cooled (-78°C) solution of PhSeCl
(23.7 g, 124 mmol) and Et3N (34.4 mL, 247 mmol) in CH2-
Cl2 (210 mL) at-78 °C, and then the mixture was stirred at
4 °C for 20 h (19). After addition of AcOEt (100 mL) and
H2O (100 mL), the resulting mixture was partitioned, and
the organic layer was washed with brine, dried (Na2SO4),
and evaporated. The residue was purified by column chro-
matography (silica gel; AcOEt/hexane, 1:1-3:1) to give5

(17.5 g, 83%) as a foam:1H NMR (CDCl3, 270 MHz) δ
9.76 (s, 1 H, CHO), 8.51 (br s, 1 H, NH-3), 7.57 (d, 1 H,
H-6, J ) 1.1 Hz), 6.32 (dd, 1 H, H-1′, J ) 5.8, 8.1 Hz),
4.67 (m. 1 H, H-3′), 4.16 (m, 1 H, H-4′), 2.32 (m, 1 H, H-2′a,
J ) 2.4, 5.8, 13.4 Hz), 2.05 (m, 1 H, H-2′b), 1.96 (s, 3 H,
CH3-5), 0.92 [s, 9 H, Si-C(CH3)3], 0.14 (s, 3 H, Si-CH3),
0.09 (s, 3 H, Si-CH3); MS (FAB) m/z 510 (MH+).

5′-O-Dimethoxytrityl-4′-C-(2-((tert-butyldimethylsilyl)oxy)-
ethyl)thymidine(8). A mixture of3 (9.0 g, 15 mmol), which
was prepared from5 according to the previous method (20),
2,6-lutidine (4.0 mL, 34 mmol), and TBSOTf (4.8 mL, 21
mmol) in CH2Cl2 (51 mL) was stirred at-40 °C for 3 h,
and then aqueous saturated NaHCO3 was added. The
resulting mixture was partitioned between AcOEt and H2O,
and the organic layer was washed with brine, dried (Na2-
SO4), and evaporated. The residue was purified by column
chromatography (silica gel; AcOEt/hexane, 2:3-1:0) to give
8 (9.0 g, 88%) as a foam:1H NMR (CDCl3, 400 MHz) δ
8.03 (s, 1 H, NH-3), 7.71 (s, 1 H, H-6), 7.14 (m, 13 H, Ar-
H), 6.48 (dd, 1 H, H-1′, J ) 5.9, 8.6 Hz), 4.61 (d, 1 H,
OH-3′, J ) 4.6 Hz), 4.38 (m, 1H, H-3′), 3.81 [s, 6 H, 2OCH3-
(DMTr)], 3.72 (m, 1 H, CH2CH2OTBS), 3.34 (m, 3 H,
CH2CH2OTBS and H-5′), 2.46 (m, 2 H, H-2′), 2.14 (m, 1
H, CH2CH2OTBS), 1.92 (m, 1 H, CH2CH2OTBS), 1.42 (s,
3 H, CH3-5), 0.88 [s, 9 H, Si-C(CH3)3], 0.07 (s, 3 H, Si-
CH3), 0.02 (s, 3 H, Si-CH3); HRMS (FAB) calcd for
C39H50N2NaO8Si 725.3234, found 725.3247 (MNa+).

3′-Deoxy-5′-O-dimethoxytrityl-4′-C-(2-((tert-butyldimethyl-
silyl)oxy)ethyl)thymidine(9). A mixture of 8 (0.42 g, 0.60
mmol), 1,1′-thiocarbonyldiimidazole (1.07 g, 6.0 mmol), and
pyridine (1.0 mL, 12 mmol) in DMF (6 mL) was stirred at
60 °C for 6 h. The resulting mixture was partitioned between
AcOEt and H2O, and the organic layer was washed with
brine, dried (Na2SO4), and evaporated. A mixture of the
residue, 2,2′-azobis(isobutyronitrile) (AIBN, 198 mg, 1.20
mmol), and Bu3SnH (1.62 mL, 6.00 mmol) in toluene (12
mL) was heated under reflux for 1 h. The resulting mixture
was partitioned between AcOEt and H2O, and the organic
layer was washed with brine, dried (Na2SO4), and evaporated.
The residue was purified by column chromatography (silica
gel; AcOEt/hexane, 1:5-1:2) to give9 (0.39 g, 95%) as a
foam: 1H NMR (CDCl3, 400 MHz)δ 8.13 (s, 1 H, NH-3),
7.66 (s, 1 H, H-6), 7.13 (m, 13 H, Ar-H), 6.18 (dd, 1 H,
H-1′, J ) 6.0, 6.0 Hz), 3.79 [s, 6 H, 2OCH3(DMTr)], 3.63
(ddd, 1 H, CH2CH2OTBS,J ) 6.0, 6.0, 10.4 Hz), 3.58 (ddd,
1 H, CH2CH2OTBS, J ) 6.0, 6.0, 10.4 Hz), 3.34 (d, 1 H,
H-5′, J ) 10.0 Hz), 3.18 (d, 1 H, H-5′, J ) 10.0 Hz), 2.46
(ddd, 1 H, H-2′, J ) 5.0, 8.0, 18.2 Hz), 2.28 (ddd, 1 H,
H-3′, J ) 5.0, 8.0, 14.0 Hz), 2.13 (ddd, 1 H, H-2′, J ) 8.0,
8.0, 18.2 Hz), 2.05 (ddd, 1 H, H-3′, J ) 8.0, 8.0, 14.2 Hz),
1.78 (ddd, 1 H, CH2CH2OTBS,J ) 6.0, 6.0, 14.2 Hz), 1.71
(ddd, 1 H, CH2CH2OTBS,J ) 6.0, 6.0, 14.2 Hz), 1.58 (s, 3
H, CH3-5), 0.81 [s, 9 H, Si-C(CH3)3], -0.08 (s, 3 H, Si-
CH3), -0.1 (s, 3 H, Si-CH3); HRMS (FAB) calcd for
C39H50N2NaO7Si 709.3285, found 709.3270 (MNa+).

3′-Deoxy-5′-O-dimethoxytrityl-4′-C-(2-hydroxyethyl)thymi-
dine (10). A mixture of 9 (0.42 g, 0.60 mmol) and TBAF
(pretreated with molecular sieves 4A, 0.60 g, 2.3 mmol) in
THF (6 mL) was stirred at room temperature for 24 h. The
resulting mixture was evaporated, and the residue was
purified by column chromatography (silica gel; AcOEt/
hexane, 10:1) to give10 (0.32 g, 92%) as a foam:1H NMR

FIGURE 1: 4′-Branched thymidine analogueX and hexameric stem
hairpin sequences of ODNsI-1-4.
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(CDCl3, 400 MHz)δ 8.08 (s, 1 H, NH-3), 7.52 (s, 1 H, H-6),
7.12 (m, 13 H, Ar-H), 6.21 (dd, 1 H, H-1′, J ) 6.8, 6.8 Hz),
3.79 [s, 6 H, 2OCH3(DMTr)], 3.67 (m, 2 H, CH2CH2OH),
3.33 (d, 1 H, H-5′, J ) 9.7 Hz), 3.21 (d, 1 H, H-5′, J ) 9.7
Hz), 2.45 (m, 1 H, H-2′), 2.32 (m, 1 H, H-3′), 2.13 (m, 1 H,
H-2′), 1.98 (m, 2 H, H-3′ and OH), 1.85 (m, 2 H, CH2CH2-
OH), 1.47 (s, 3 H, CH3-5); HRMS (FAB) calcd for
C33H36N2O7 573.2605, found 573.2596 (MH+).

3′-Deoxy-4′-C-(2-hydroxyethyl)thymidine(X). A solution
of 10 (143 mg, 0.25 mmol) in aqueous AcOH (80%, 3 mL)
was stirred at room temperature for 1 h. The resulting mixture
was evaporated, and the residue was purified by column
chromatography (silica gel, CHCl3/MeOH, 95:5) to giveX
(22 mg, 33%) as a white solid:1H NMR (CD3OD, 400 MHz)
δ 7.80 (s, 1 H, H-6), 6.00 (dd, 1 H, H-1′, J1,2R ) 4.6 Hz,
J1,2â ) 6.6 Hz, determined by decoupling experiments), 3.58
(m, 3 H, H-5′, CH2CH2OH), 3.48 (d, 1 H, H-5′, J ) 11.7
Hz), 2.32 (m, 1 H, H-2′â), 2.10 (m, 1 H, H-3′), 1.99 (m, 1
H, H-2′R), 1.83 (m, 4 H, H-3′and CH3-5), 1.73 (m, 2 H,
CH2CH2OH); 1H NMR spectrum (400 MHz) was also
measured in D2O, where theJ1,2â was 4.6 Hz; HRMS (FAB)
calcd for C12H19N2O5 271.1294, found 271.1303 (MH+).

Amidite Unit 1. A mixture of 10 (0.457 g, 0.80 mmol),
N,N-diisopropylethylamine (0.21 mL, 1.2 mmol), and chloro-
(2-cyanoethoxy)(N,N-diisopropylamino)phosphine (0.36 mL,
1.6 mmol) in CH2Cl2 (10 mL) was stirred at 0°C for 30
min. The resulting mixture was partitioned between aqueous
saturated NaHCO3 and CHCl3, and the organic layer was
washed with brine, dried (Na2SO4), and evaporated. The
residue was purified by column chromatography (neutral
silica gel; AcOEt/hexane, 1:1-1:0) to give1 (0.35 g, 56%)
as a foam: 1H NMR (CDCl3, 270 MHz) δ 7.95 (s, 1 H,
NH-3), 7.60 (s, 1 H, H-6), 7.12 (m, 13 H, Ar-H), 6.19 (dd,
1 H, H-1′, J ) 10.6 Hz, 6.0 Hz), 3.79 [s, 6 H, 2OCH3-
(DMTr)], 3.62 [m, 6 H, OCH2CH2CN and 2NCH(CH3)2],
3.32 (d, 1 H, H-5′, J ) 9.9 Hz), 3.19 (d, 1 H, H-5′, J ) 9.9
Hz), 2.57 (m, 1 H, H-2′), 2.46 (m, 1 H, H-3′), 2.29 (m, 1 H,
H-2′), 2.17 (m, 1 H, H-3′), 1.87 (m, 2 H, CH2CH2OP), 1.43
(s, 3 H, CH3-5), 1.13 [m, 14 H, CH2CH2OP and N(CH-
(CH3)2)2]; 31P NMR (CDCl3, 67.5 MHz)δ 148.1, 148.3.

Synthesis of ODNs.ODNs were synthesized on a DNA
synthesizer (PE Applied Biosystems, 392 DNA/RNA syn-
thesizer) by the phosphoramidite method. The fully protected
ODNs were then deblocked and purified by the same
procedure as for the purification of normal ODNs. That is,
each ODN linked to the resin was treated with concentrated
NH4OH at 55°C for 12 h, and the released ODN protected
by a DMTr group at the 5′-end was chromatographed on a
C-18 silica gel column (1× 12 cm, Waters) with a linear
gradient of MeCN from 5% to 40% in 0.1 M TEAA buffer
(pH 7.0). The fractions were concentrated and the residue
was treated with aqueous 80% AcOH at room temperature
for 20 min; then the solution was evaporated and the residue
was coevaporated with H2O. The residue was dissolved in
H2O and the solution was washed with AcOEt, and then the
aqueous layer was evaporated. The residue was purified by
HPLC (YMC J’s sphere ODS-M80, 150× 4.6 mm) with a
linear gradient of MeCN from 9.5% to 14% in 0.1 M TEAA
buffer (pH 7.0) to give a pure ODN. ODNI-1: 38.3 OD260

units; MS (TOF) calcd for C128H164N48O77P12 3976.7 [(M-
H)-], found 3978.7. ODNI-2: 36.1 OD260 units; MS (TOF)
calcd for C140H181N50O84P13 4308.8 [(M - H)-], found

4313.0. ODNI-3: 38.4 OD260 units; MS (TOF) calcd for
C152H198N52O91P14 4640.9 [(M- H)-], found 4641.8. ODN
I-4: 57.9 OD260 units; MS (TOF) calcd for C164H215N54O98P15

4973.0 [(M- H)-], found 4974.4. The yields are indicated
in optical density (OD) units at 260 nm starting from 1µmol
scale, and matrix-assisted laser desorption/ionization time-
of-flight mass spectra (MALDI-TOF MS) were measured
on a Voyager Elite reflection time-of-flight mass spectrom-
etry (PerSeptive Biosystems, Inc.).

Thermal Denaturation.A solution of an ODN (5 or 100
µM) in sodium cacodylate buffer (50 mM, pH 7.0) containing
100 mM of NaCl was heated at 90°C for 5 min, then cooled
gradually to an appropriate temperature, and used for the
thermal denaturation studies. Thermal-induced transitions of
each mixture were monitored at 260 nm on a Beckman DU
650 spectrophotometer, where sample temperature was
increased 0.5°C/min. Thermodynamic parameters (∆H°,
∆S°, and∆G°) for hairpin loop formation were determined
by ln K versusT-1 plot at 5 µmol concentration of each
strand, whereK is the equilibrium constant for hairpin loop
formation obtained from the UV-melting curve, according
to the method reported by Puglisi and Tinoco (21).

CD Spectroscopy.CD spectra were measured with a
solution of an ODN (15µM) in sodium cacodylate buffer
(50 mM, pH 7.0) containing 100 mM NaCl at 30°C on a
Jasco J720 spectropolarimeter. The ellipticities were recorded
from 350 to 200 nm in a cuvette with a path length of 2
mm. CD data were converted into millidegrees per mole of
residues per centimeter.

Partial Hydrolysis of ODNs with Nuclease P1. An ODN
labeled with32P at the 5′-end (20 pmol) in a solution of a
Tris-HCl buffer (22 mM, pH 6.8, 90µL) containing 11 mM
MgCl2, 11 µM ZnAc2, and 110 mM KCl was heated at 90
°C for 5 min, and then the mixture was preincubated at 37
°C for 30 min. To the resulting solution was added nuclease
P1 (Wako Pure Chemical Co., Ltd., 2.0 units/mL, 5µL) and
the mixture was incubated at 37°C. At appropriate periods,
aliquots (10µL) of the reaction mixture were separated,
which were immediately added to a solution (10µL)
containing EDTA (1 mM), Tris (5 mM), boric acid (5 mM),
xylene cyanol FF (0.01%), bromophenol blue (0.05%), and
urea (10 M). The solutions were analyzed by electrophoresis
on a 20% polyacrylamide gel containing 7 M urea. Densities
of radioactivity of the gel were visualized by a bio-imaging
analyzer (Bas 2500, Fuji Co., Ltd.).

Molecular Modeling and Calculations.The structures of
ODNsII-1 -4 were constructed on the basis of the canonical
B-form duplex of the ODN 5′-d[CGAACG]-3′ and its
complementary ODN 5′-d[CGTTCG]-3′ generated with
MOE (version 2003.02, CCG Inc.) and extended with the
corresponding length hairpin loop structure (T1, 1ECU;T2,
1AC7; T3, 1OVF; T4, 1JRN) from the Brookhaven Protein
Data Bank. As for ODNsI-1-4, the phosphodiester linkage
of the loop region of each ODNII was converted to the
4′-branched-chain region of the nucleoside residueX. Mo-
lecular mechanics calculations with the OPLS-AA force field
were performed in MacroModel (version 8.1, Schro¨dinger,
OR) with the GB/SA continuum solvation model on the eight
sequences, ODNsI-n (n ) 1-4) and ODNsII- n (n ) 1-4).
The energy minimization was performed by the conjugate
gradient method. The resulting three-dimensional structures
of ODNs I-n (n ) 1-4) and ODNsII- n (n ) 1-4) were
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displayed by MolFeat (version 1.1, FiatLux, Tokyo, Japan)
and analyzed with 3DNA (http://rutchem.rutgers.edu/∼olson/
3DNA) (22).

RESULTS AND DISCUSSION

Design of the Nucleoside Component and the Hairpin
ODN Sequences.As described above, the nucleobases in the
loop moiety are often essential in various biological functions
of DNA. To exert these biological functions, the relative
distance between the nucleobase and the phosphodiester
backbone is important. Therefore, the furanose structure in
natural DNA, which effectively restricts the three-dimen-
sional positioning of the nucleobase and the phosphodiester
backbone, should be preserved in designing an efficient
nucleosidic component of the loop for forming useful hairpin
structures. The rigid furanose ring is essential for forming
the stable structure of the Watson-Crick base-paired DNA
duplex. However, in un-base-paired loop moieties, the
furanose ring seems to make the phosphodiester backbone
quite constrained, because it significantly restricts the O3′-
C3′-C4′-C5′ torsion angle (δ), which is in the range of
130°-150° (3). In addition to the rigidδ torsion angle, due
to the steric demand of the 3′,5′-phosphodiester backbone
passing through the C3′-C4′ bond of a furanose ring, the
â, γ, andε torsion angles are considerably conformationally
restricted, and accordinglyR andú are only the two flexible
torsion angles in natural DNA backbone (Figure 2). While
loops consisting of more than three nucleotidic residues in
hairpins seem to be conformationally flexible at least to some
extent (23, 24), the shorter loop moieties consisting of two
or three residues would be significantly constrained. In fact,
conformational analysis of loops of three pyrimidine nucleo-
tides residues has shown that the turned backbone is adjusted
only through the flexibleR andú torsion angles, where most
â, γ, andε torsion angles remain unchanged and are located
in the regular trans,+gauche, and trans domains (25). We
speculated that if such conformational restriction of the
backbone due to the rigidδ and constrainedâ, γ, and ε

torsion angles is relaxed, the hairpin structures would be
stabilized. Such release from the conformational restriction

was expected to be realized by a branching of the phos-
phodiester backbone at the 4′-position of the furanose ring.
Therefore, we devised a nucleoside analogue having the 4′-
branched structure. In addition, the one-carbon-elongated
-CH2-CH2- chain attached to the 4′-postion could make the
backbone even more flexible, which would reduce the strain
of the loop backbone, resulting in formation of diverse
hairpin loops consisting of various numbers of residues.
Replacement of the natural nucleotide loop of the hairpins
by significantly conformationally flexible nonnucleotide
ethylene glycol linkers resulted in more stable hairpins than
the corresponding natural ODN hairpins (11), which supports
our working hypothesis for use of the flexible 4′-branched
nucleosideX described here.

On the other hand, the degradation of DNA molecules by
nucleases is a serious problem in their use as functional tools
or therapeutic agents. It is known that when 4′-branched
nucleosides are incorporated into ODNs, the duplexes formed
by the ODNs are more resistant to nucleolytic hydrolysis
compared with natural ODN duplexes (20, 26). Therefore,
from the viewpoint of biological stability, the 4′-branched
modification may also have an advantage. In the previous
study with four hairpins having a loop consisting of four
homolytic natural deoxynucleotide residues, i.e., A4, G4, T4,
or C4, the T4 loop formed more thermally stable DNA
hairpins than the other three homolytic loops (27). On the
basis of these previous results and considerations, we
designed the 4′-branched thymidine analogueX as the
nucleoside residue for constructing the loop moiety of stable
hairpin DNAs. As summarized in Figure 2, the thymidine
analogueX seems to form a considerably conformationally
flexible ODN backbone compared with that of natural
thymidine.

Breslauer has revealed that the ODNs 5′-d[CGAACG-N4-
CGTTCG]-3′ (N ) A, G, C, T) form stable hairpins
possessing a common hexameric stem duplex and an un-
base-paired loop of four nucleotides (27). The same hexa-
meric stem duplex was also used effectively in a study
investigating the suitable length of nonnucleotide linkers as
a loop for forming stable hairpins (11). Thus, we planned to
examine the hairpin stabilizing potency of the 4′-branched
thymidine analogueX by incorporating it into the loop
moiety of the well-established Breslauer sequence forming
stable hairpins. We wanted to determine the effect of the
number of residues comprising the loop on the hairpin
stability. Consequently, one, two, three, and four residue(s)
of analogueX were planned to be incorporated into the loop
moiety. The hexameric stem hairpin structure would be
suitable for this study, because it is known to form stable
hairpins with a loop consisting of two, three, or four
thymidine residues (28). Thus, we designed the hairpin-
forming ODNs 5′-d[CGAACG-Xn-CGTTCG]-3′ (I-1, n )
1; I-2, n ) 2; I-3, n ) 3; I-4, n ) 4), shown in Figure 3, for
this study.

Synthesis.The phosphoramidite unit1, which was needed
for preparing the ODNs containing the designed nucleoside
analogueX, was synthesized from thymidine (2). We
previously developed new radical chemistry of a silicon tether
using a vinylsilyl group and applied it to the synthesis of
the 4′-branched nucleosides (29-32). The method was also
effective in the synthesis of the phosphoramidite unit1 in
this study. As shown in Figure 4, the desired1 would be

FIGURE 2: Phosphodiester backbones consisting of thymidine and
the 4′-branched thymidine analogueX.
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derived from the 4′-branched thymidine derivative3, which
would be obtained with the radical cyclization reaction of4
as the key step (20). The radical reaction substrate4 could
be prepared from thymidine (2) via the 4′-phenylselenothy-
midine derivative5.

Synthesis of the phosphoramidite1 and also the free
branched nucleosideX is shown in Scheme 1. We have
improved the previous procedure for synthesizing3 (20).
One-pot treatment of thymidine with TBSCl/imidazole/DMF
and then TFA/aqueous THF provided the 3′-O-TBS-thymi-
dine (6) on a large scale. The previous method for introducing
a phenylseleno group at the 4′-position reported by Giese,
i.e., the Moffat oxidation of6 followed by treatment with
PhSeCl/Et3N in CH2Cl2 (19), was not reproducible, and the
yield was significantly lower, especially on large scale. We
found that Dess-Martin oxidation (18) of 6 followed by
treatment with PhSeCl/Et3N in CH2Cl2 was effective for the
introduction of a PhSe group at the 4′-position to give5 in
high yield. After conversion of5 into the branched thymidine
derivative3 according to the previously reported procedure
(20), the primary hydroxyl of3 was selectively protected
with a TBS group to give8. The 3′-deoxygenation of8 was
accomplished via radical reduction of the corresponding 3′-
O-thiocarbonylimidazolyl intermediate with Bu3SnH/AIBN.
Removal of the silyl protecting group gave the 5′-O-
dimethoxytritylated 3′-deoxy-4′-branched nucleoside10, the
subsequent phosphitylation of which by the standard proce-
dure gave the desired phosphoramidite1. Deprotection of
10 with aqueous AcOH gave the free nucleosideX.

ODNs I-1-4 used in this study were synthesized on a
DNA synthesizer by the usual phosphoramidite method. To
clarify the property of these ODNs containing the 3′-deoxy-
4′-branched nucleosideX, the corresponding natural ODNs
II-1 -4, i.e., 5′-d[CGAACG-Tn-CGTTCG]-3′ (II-1 , n ) 1;
II-2 , n ) 2; II-3 , n ) 3; II-4 , n ) 4) containing thymidine
(T), were also synthesized as controls. The sequences of these
ODNs are summarized in Figure 3. Each synthesized ODN
showed a single peak on reversed-phase HPLC. Molecular
ion peaks supporting their structures were observed in their
MALDI-TOF MS.

Thermal Stability.The thermal stability of these hairpin-
forming ODNsI-1-4, as well as the control ODNsII-1 -4,
was studied. Thermal denaturation was investigated at 5µM
ODN in a buffer of 50 mM sodium cacodylate (pH 7.0)
containing 100 mM NaCl, which showed a single transition
corresponding to a helix-to-coil transition. The thermal
stability of the ODNsI-1-4 was also measured at 100µM
ODN by the same method. Melting temperatures (Tm)
determined from the maximum in the derivative plots of
absorbance versus temperature are listed in Table 1. TheTm

values of ODNsI-1-4 were all independent of the ODN
concentration, which proved that theTms were observed
depending on their intramolecular structural change, i.e.,
dissociation of the hairpin structure.

The Tms of ODNs I-1-4 containing the 4′-branched
nucleosideX in the loop moiety at 5µM were 67.1, 68.1,
73.0, and 69.3°C, respectively, and those of the control
natural ODNs II-1 -4 were 65.3, 67.0, 69.2, and 68.8,
respectively. The thermal stability changed depending on the

FIGURE 3: Sequences of the modified ODNsI-1-4 and the control
natural ODNsII-1 -4.

FIGURE 4: Synthetic plan for phosphoramidite unit 1.

Scheme 1: Synthesis of the Phosphoramidite Unit1a

a Conditions: (a) (1) TBSCl, imidazole, DMF, rt; (2) TFA, aq THF,
0 °C, 59%. (b) Dess-Martin ox, quant. (c) PhSeCl, Et3N, CH2Cl2, -78
f 0 °C, 83%. (d) Reference 19. (e) TBSOTf, 2,6-lutidine, CH2Cl2,
-40 °C, 88%. (f) (1) 1,1′-Thiocarbonyldiimidazole, pyridine, DMF,
60 °C; (2) Bu3SnH, AIBN, toluene, reflux, 95%. (g) Tetrabutylammo-
nium fluoride, THF, 92%. (h) Aqueous AcOH, 33% (X). (i)
iPr2NP(Cl)OCH2CH2CN, iPr2NEt, CH2Cl2, 56% (1).
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number of the residues (n) comprising the loop, where the
order of stability wasn ) 3 > n ) 4 > n ) 2 > n ) 1 in
both I-1-4 and II-1 -4. When the number (n) of the loop-
forming residues is equal, theTm of an ODN I-n is always
higher than that of the corresponding ODNII- n in all cases
(n ) 1-4). The differences in theTm values (∆Tm) at 5µM
ODN were 1.8, 1.1, 3.8, and 0.5°C for n ) 1-4,
respectively. These results clearly show that the 4′-branched
nucleosideX is able to thermally stabilize the hairpin
structures when it is present in the loop moiety. As we
speculated, the flexible one-carbon-elongated 4′-branched
structure would make this possible.

The thermodynamic parameters were obtained from the
UV absorbance melting profiles according to the method
reported by Puglisi and Tinoco (21). As shown in Table 1,
the difference in thermal stability is clearly reflected in the
∆G°37 values. These thermodynamic data suggest that the
modified ODNsI-1-4 formed a more stable hairpin than
the corresponding unmodified ODNsII-1 -4 mainly due to
the contribution of∆H°.

CD Spectra.Circular dichroism (CD) is effective for
investigating conformational changes of nucleic acids, and
therefore the structures of the ODNs were investigated by
CD spectroscopy. CD spectra of the hairpin forming ODNs

I-1-4 and the control ODNsII-1 -4 at 30°C are shown in
Figure 5.

The CD spectra of ODNsI-1-4 and II-1 -4 showed a
conservative spectroscopic feature with a positive ellipticity
around 280 nm and a negative ellipticity around 250 nm.
These spectra are almost identical with those of known stable
natural DNA hairpins with a loop consisting of four
nucleotide residues, which have a maximum near 280 nm
and a minimum near 250 nm (33). Furthermore, these spectra
are similar to those for typical B-form DNAs (34) suggesting
that these loops would not severely distort the stem adopting
the B-form.

The spectroscopic features of the natural ODNsII-1 -4
were similar to each other, while the extent of the negative
ellipticity was somewhat different; the rank in strength was
II-4 (θ ) -4.0 × 105) > II-3 (θ ) -3.5 × 105) > II-2 (θ
) -3.3 × 105) ≈ II-1 (θ ) -3.1 × 105) (Figure 5 b). On
the other hand, the spectra of the ODNsI-1-4 were different
from each other (Figure 5a). In particular, the intensity of
the negative ellipticity was significantly changed depending
on the number of loop residues. The order of intensity isI-3
(θ ) -5.4× 105) > I-4 (θ ) -4.1× 105) > I-2 (θ ) -3.2
× 105) > I-1 (θ ) -2.4× 105), which was same as that for
their thermal stability described above. Thus, ODNI-3,
which had the most thermally stable hairpin structure, showed
the deepest negative band. The negative ellipticity may be
related to the structural stability of the hairpin ODNsI-1-
4. Since the CD of nucleic acids is mainly dependent on the
stacking mode of the bases (35), the 4′-branched phosphodi-
ester backbone might change the geometry of the bases in
the loop moiety to result in stabilization of the hairpin
structure.

Susceptibility to Nuclease P1. Although hairpins containing
a purine loop, such as GAA or GAAA, have been reported
to be resistant to nucleases, the hairpins with a pyrimidine-
rich loop proved to be hydrolyzed rather easily (36). The
susceptibility of the ODNs to nucleolytic digestion by the
nuclease P1, an endonuclease, was examined by use of the
hairpin-forming ODNI-3 and -4, having anX3 or an X4

loop, as well as the corresponding natural ODNII-3 and-4,
having aT3 or a T4 loop. The ODNs labeled at the 5′-end
with 32P were incubated with the enzyme at 37°C in a

FIGURE 5: CD spectra of the hairpin ODNsI-1-4 (a) andII-1 -4 (b).

Table 1: Thermal Melting Temperatures and Thermodynamic Data
of ODNs I-1-4 and II-1 -4a

ODN
(loop)

Tm (°C)
at 5µMb

Tm (°C)
at 100µMb

-∆H°
(kcal/mol)

-∆S°
(eu)

-∆G°37
(kcal/mol)

∆Tm
c (°C)

at 5µMb

I-1 (X1) 67.1 67.2 39.4 115.8 3.5 +1.8
I-2 (X2) 68.1 68.0 46.7 136.8 4.3 +1.1
I-3 (X3) 73.0 73.4 52.8 152.7 5.5 +3.8
I-4 (X4) 69.3 69.4 53.7 156.8 5.1 +0.5
II-1 (T1) 65.3 34.3 101.8 2.8
II-2 (T2) 67.0 43.9 129.0 3.9
II-3 (T3) 69.2 47.7 139.1 4.5
II-4 (T4) 68.8 46.8 137.2 4.3

a Measured in 50 mM sodium cacodylate buffer (pH 7.0) containing
100 mM NaCl (n ) 3), and errors inTm values are within(1.4%. The
thermodynamic parameters were obtained from the UV absorbance
melting profiles at 5µM of ODN, and errors are within(4.1% for
∆H°, (4.1% for∆S°, and(4.3% for∆G°37. b Concentration of ODN.
c ∆Tm ) Tm(I-n ) - Tm(II-n ).

Hairpin-Stabilizing Nucleoside Analogue Biochemistry, Vol. 43, No. 27, 20048695



MgCl2-containing buffer (pH 6.8), and the reaction time
courses were analyzed by polyacrylamide gel electrophoresis
under denaturing conditions. The natural ODNII-4 was
readily hydrolyzed under these conditions and the half-life
period (t1/2) of decreasing the intact ODN was 11.6 min.
However, ODN I-4 was about twice as resistant to the
enzymatic hydrolysis (t1/2 ) 22.3 min) as ODNII-4 . ODNs
I-3 and II-3 , having loops of three residues, were more
resistant to the enzyme than ODNI-4 andII-4 , having loops
of four residues, where the modified ODNI-3 was more
stable than the unmodified ODNII-3 ; after 2 h of incubation
under the above conditions, 70% of the intact ODNI-3 and
46% of the intactII-3 remained, respectively.

Computational Analysis.We have shown that DNA
hairpins containing the sugar-modified thymidine analogue
3′-deoxy-4′-C-(2-hydroxyethyl)thymidine (X) in the loop
moiety (ODN I ) are more thermally stable than the corre-
sponding natural DNA hairpins (ODNII ). We further
elucidated the mode of the thermal stability of the ODNI
in comparison to that of the ODNII by molecular mechanics
calculations to predict their three-dimensional structures.

We employed two construction steps as described below
to obtain the appropriate starting structures for the molecular
mechanics calculations (37-39). In the first one, the initial
hexameric stem structure was constructed on the basis of a
canonical B-form duplex of ODN 3′-d[CGAACG]-5′ and its
complementary ODN 3′-d[CGTTCG]-5′ generated with
MOE (version 2003.02, CCG Inc., Montreal, Canada), since
the CD spectra of all eight ODNsI-1-4 and II-1 -4
suggested that the stems adopt a B-form structure. In the
second one, the four patterns (T1, T2, T3, andT4 ) of the
hairpin loop on the B-form duplex were used from the data
of hairpin loop structures deposited in the Brookhaven
Protein Data Bank (n ) 1, 1ECU; n ) 2, 1AC7; n ) 3,

1OVF; n ) 4, 1JRN). The low-energy structures of the
hairpin loop ODNs obtained by the molecular mechanics
calculations are shown in Figure 6.

(1) Hydrogen Bonding and Stacking Interactions of the
Thymine Bases in the Loop Moiety.As shown in Figure 6a,e,
the calculations for ODNsI-1 and II-1 suggested that the
G(6)‚C(8) loop-closing base pair would not be formed due
to the one-residue reverse turning of the backbone. This
would be why the one-residue loop ODNsI-1 andII-1 were
less stable compared with the other hairpin ODNs. However,
stacking of the thymine base ofX(7) (ODN I-1) or T(7)
(ODN II-1 ) to the adjacent G(6) base is observed in both
ODNs I-1 and II-1 , which can contribute, to some extent,
to thermal stability. A hydrogen bond between the 2-O of
X(7) and the 4-NH2 of C(8) with a distance of 2.97 Å was
observed in ODNI-1 but not in ODN II-1 , which might
cause a higherTm for I-1 than for II-1 (∆Tm ) 1.8 °C).

In the calculated structures of the ODNsI-2 and II-2
having a loop of two residues (Figure 6b,f), the loop thymine
base ofX(7) or T(7) stacks with the adjacent G(6) base,
while the other thymine base ofX(8) or T(8) protrudes into
the solvent and does not participate in any stabilizing
interactions. The shape of the G(6)‚C(9) loop-closing base
pair is different in ODNsI-2 and II-2 ; the rotation of the
base pair of ODNI-2 is a propeller twist (ω ) -12.96),
whereas in ODNII-2 it is a buckle (κ ) 48.50). The
difference inTm (∆Tm ) 1.1 °C) between ODNsI-2 and
II-2 might be due to the more effective G(6)‚C(9) base
pairing in ODN I-2 compared with that in ODNII-2 .

The calculations on the ODNsI-3 andII-3 having a loop
of three residues supported their stable hairpin structures
(Figure 6c,g). In the low-energy structures of both ODNs,
the two thymine [X(7) andX(8) of I-3 or T(7) andT(8) of
II-3 ] and the G(6) bases are aligned for stableπ-π

FIGURE 6: Low-energy structures of the hairpin ODNsI-1 (a), I-2 (b), I-3 (c), I-4 (d), II-1 (e), II-2 (f), II-3 (g), andII-4 (h) by molecular
mechanics calculations: red,X(7) andT(7); yellow, X(8) andT(8); light blue,X(9) andT(9); purple,X(10) andT(10).
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interactions, and the rotation of the G(6)‚C(10) loop-closing
base pair is very small (θ ) -0.37 for I-3 and 1.68 forII-
3) indicating their effective hydrogen bonding. These effec-
tive interactions would make them relatively stable compared
with the other ODNs having a one-, two-, or four-residue(s)
loop. Furthermore, an irregular hydrogen bond between the
2-O of X(8) and the 3-NH ofX(9) with distance of 3.05 Å
is observed in ODNI-3, which could make itsTm higher
compared to that of ODNII-3 .

The calculations on ODNsI-4 and II-4 having loops of
four residues show that the thymine base ofX(9) or T(9)
stacks with the three-residue-distant G(6) base, while the
other three thymine bases protrude into the solvent (Figure
6d,h). The rotation of the G(6)‚C(11) loop-closing base pair
is a buckle in both ODNI-4 (κ ) -12.38) and ODNII-4 (κ
) -24.53). The somewhat higherTm of ODN I-4 than that
of ODN II-4 might be due to an irregular hydrogen bond
between the 2-O ofX(8) and the 3-NH ofX(9) with a
distance of 3.08 Å observed in ODNI-4.

These interactions in the bases of the loop moiety in the
calculated low-energy structures are not contradictory to the
above experimental results on thermal stability and CD
spectral analyses.

(2) Phosphodiester Backbone and Sugar Puckering.The
thermal stability of ODNsI-1-4 and control ODNsII-1 -4
can be related not only to the interactions between the bases

but also to the sugar puckering and phosphodiester backbone
conformation in the hairpin loop region.

Sugar puckering of the 4′-branched nucleosideX and
thymidine residues in the calculated low-energy loop struc-
tures of ODNs I-1-4 and control ODNs II-1 -4 are
summarized in Table 2. The sugar puckering patterns of the
thymidine residues in control ODNsII-1 -4 are retained in
2′-endo or O4′-endo forms, which are typical in normal DNA
duplexes. The thymidine residues in the loop of crystal
hairpins are also shown to adopt 2′-endo or O4′-endo forms
(T1, 1ECU; T2, 1AC7; T3, 1OVF; T4, 1JRN), as shown in
the same table. On the other hand, the sugar puckering ofX
in the loop moiety might be more flexible; in the structure
of the ODNI-4, two of the four 4′-branched residues adopted
the C3′-endo form, which is typical in RNA. These data
suggest that the 4′-branched phosphodiester linkage could
make the sugar puckering flexible compared with that in the
usual 3′,5′-phosphodiester linkage.

The flexibility in the sugar puckering inX was also shown
by its 1H NMR analysis. Namely, in the1H NMR spectrum
of X in D2O, a smallerJ1′,2′â value of 4.6 Hz than that of
thymidine (J1′,2′â ) 6.6 Hz) was observed, which showed
that the population density of the 2′-endo conformer inX
seems to be not as high as in the natural 2′-deoxynucleosides
(40).

Table 2: Sugar Puckering of the 4′-Branched Nucleoside (X) and Thymidine (T) Residues in the Calculated Low-Energy Loop Structures

ODN (loop) residue puckering ODN (loop) residue puckeringa

I-1 (X1) X(7) C2′-endo II-1 (T1) T(7) C2′-endo (O4′-endo)
I-2 (X2) X(7) C2′-endo II-2 (T2) T(7) C2′-endo (C2′-endo)

X(8) C2′-endo T(8) O4′-endo (C2′-endo)
I-3 (X3) X(7) O4′-endo II-3 (T3) T(7) C2′-endo (C2′-endo)

X(8) C2′-endo T(8) C2′-endo (C2′-endo)
X(9) C2′-endo T(9) C2′-endo (C2′-endo)

I-4 (X4) X(7) C3′-endo II-4 (T4) T(7) C2′-endo (O4′-endo)
X(8) C3′-endo T(8) C2′-endo (C2′-endo)
X(9) C2′-endo T(9) C2′-endo (C2′-endo)
X(10) C2′-endo T(10) C2′-endo (C2′-endo)

a Sugar puckering indicated in parentheses is detected in the crystal structures taken from the Brookhaven Protein Data Bank:T1, 1ECU; T2,
1AC7; T3,1OVF; T4, 1JRN.

Table 3: Backbone Torsion Anglesa of the 4′-Branched Nucleoside (X) and Thymidine (T) in the Calculated Low-Energy Loop Structures

ODN (loop) residue a b g d d¢ e z

I-1 (X1) X(7) 57.3 -133.1 -42.1 -47.1 -51.8 178.4 65.4
I-2 (X2) X(7) -70.2 173.9 -176.7 -154.7 -64.9 155.9 171.1

X(8) -62.1 -159.7 -176.6 178.4 79.2 92.8 -70.2
I-3 (X3) X(7) -72.3 171.9 -176.0 -126.3 -65.4 166.0 -172.6

X(8) 163.1 178.0 -63.4 -61.9 -71.5 -163.6 77.8
X(9) -77.0 119.2 -157.7 -70.8 59.2 168.1 -71.0

I-4 (X4) X(7) -153.7 178.8 -151.0 -60.3 177.5 56.5 -74.5
X(8) -56.0 175.3 -168.4 -169.2 75.9 163.6 39.3
X(9) -176.2 -177.1 -167.5 -62.1 -74.1 171.8 166.2
X(10) -57.4 127.3 -152.5 -65.7 57.2 130.6 -89.4

II-1 (T1) T(7) 170.4 177.6 166.1 126.7 -91.4 163.4
II-2 (T2) T(7) 178.9 172.2 173.4 135.3 -177.4 -75.0

T(8) 166.8 -174.7 155.5 98.4 49.3 -66.7
II-3 (T3) T(7) 169.8 177.1 168.7 130.7 177.5 -77.3

T(8) 165.1 179.8 167.1 143.2 -93.1 156.6
T(9) 69.7 158.6 56.1 145.6 -92.2 53.7

II-4 (T4) T(7) 166.4 171.2 163.9 155.0 -88.2 141.9
T(8) -74.9 129.3 66.0 137.9 -88.7 169.3
T(9) 51.3 -153.4 158.9 155.8 -91.2 170.9
T(10) 49.3 175.5 -70.6 147.7 -77.9 63.7

a Torsion angles are given in degrees.
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Backbone torsion angles for the calculated low-energy loop
structures of ODNsI-1-4 and control ODNsII-1 -4 are
summarized in Table 3. The torsion angles of ODNsI-1-4
are largely different from those of ODNsII-1 -4, even when
two ODNs having the same number (n) of loop residue(s)
are compared, e.g., comparison ofI-3 (n ) 3) andII-3 (n )
3). The difference in the torsion angles between ODNI-n
(n ) 1-4) and ODNII- n (n ) 1-4) would significantly
affect their thermal stability. The 4′-branched nucleoside
residues can adopt various+gauche, trans, and -gauche
torsion angles, especially in theR, δ, δ′, and ú angles,
suggesting that they are actually conformationally flexible
in the loop moiety to form stable hairpins.

This conformational flexibility of the 4′-branched nucleo-
sideX in the sugar puckering and also in the phosphodiester
backbone of the loop moiety may contribute to the stabiliza-
tion of hairpin structures by the effective formation of the
hydrogen bonds described above. This is supported by the
thermodynamic data suggesting that the thermal stabilization
by the loops of the branched 4′-branched nucleosideX is
mainly due to the advantage for∆H°, as shown in Table 1.

CONCLUSION

The sugar-modified thymidine analogue 3′-deoxy-4′-C-
(2-hydroxyethyl)thymidine (X), designed as a loop compo-
nent for stabilizing hairpin structures, was synthesized from
thymidine. Experimental studies and calculations on the
hexameric stem of the hairpin ODNs containingXn (n )
1-4) in the loop moiety showed thatX was able to stabilize
the hairpin structures. The hairpin-stabilizing property ofX
would be due to the flexible one-carbon-elongated 4′-
branched structure. Thus, the unitX may be applicable to
the development of functional DNA molecules having hairpin
loops.
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