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ABSTRACT. The P-chiral stereo-defined phosphorothioate groups have been introduced into all of the four
internucleotide positions of dEECpsLrsLrsL) (PS = phosphorothioate group), and among the 16
possible diastereomers of PS-d@)CLO stereomers have been synthesized to investigate the effects of
the sense of the P-chirality upon the structure and stability of the i-motif structure. The temperature
dependence of circular dichroism spectra showed that the melting temperaiyief the [all Ry]-PS-

d(TC,) i-motifs was 31°C, identical to that of the parent oligomer, PO-d¢J,Gvhile that of the §ll
S)-PS-d(TG) i-motif was largely decreased by XC. Single substitution dR, with S, caused a decrease

of T, by 3—4 °C at positions of PS1, PS2, and PS3 and Clat that of PS4, showing the additive
property of theT, suppression. The comparison of the NOESY spectra betvedleR,[-PS-, [ll Sj]-PS-,

and PO-d(TG) showed that intraresidual HGH3' and H2'—H4' NOE cross-peaks of thall S, isomer

are weaker than those of tr@l R, isomer and PO-d(T§}, indicating the change in the G8ndo
conformation and glycosidic bond angle. The structural alternation for the i-motif formeelb$,][-
PS-d(TQ) is also suggested by the chemical shift differences of C2/C3/CZaht2 H4 protons from

those of pll Ry]-PS-d(TG) and PO-d(TG). These results suggest that Beconfiguration at phosphorus

of the phosphorothioate linkage changes the sughosphorothioate conformation and intermolecular
interaction in the narrow groove, leading to the destabilization of the i-motif structure.

C-rich DNA oligomers take a unique four-stranded DNA of an intercalated RNA structur&)( and by the discovery
structure, the so-called i-motif, under a slightly acidic or of proteins that associate with DNA sequences carrying
neutral condition, 2). The two parallel-stranded duplexes cytosine repeats8(-11). It has been pointed out that the
are associated with forming-C" base pairs (Figure 1), their compatibility of the CC* intercalation with the modification
base pairs are fully intercalated, and the relative orientation of the DNA backbone is favorable for aptamer desig@h (
of the duplexes is antiparallel. Since the first report, a number The modifications of the deoxyribose moieties were exam-
of similar oligodeoxycytidine sequences have been shownined, such as the introduction ofarabinoseO-methyl{-
to form stable i-motif structures, and several X-ray structures d-ribose, and-ribose, to investigate the stabilizing factors
have been reported). Viewed down the helical axis, the of this unique DNA structure1@). The stability of the
i-motif has two large and two narrow grooves. Intimate chimeric DNA/RNA and RNA i-motif was also reported in
sugar-sugar contacts exist in the narrow groove between which the steric hindrance betweeft®droxyl groups in
residues belonging to different antiparallel strands, possibly the narrow groove destabilizes the i-motif structure, and the
involving the CH--O hydrogen bonds across the narrow penalty of adding an RNA residue is equal to or greater than
grooves 8, 4). Investigations of its biological significance the benefit of the additional forming-C* base pairs7, 13).
have been encouraged by the demonstration and description Oligodeoxynucleoside phosphorothioate (PS-ofigi®)
of the intramolecular i-motif structure of human telomeric extensively studied for antisense suppression of protein
and centromeric sequencés §), by the recent observation  biosynthesis, for drug target validation, and recently also as

antisense therapeutic agentd) Such broad application of

) N PS-oligo is due to their nuclease resistance, relatively eas
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dR Table 1: Melting Temperature$Q@) of i-Motif Structures Formed
\ o= = H—N by PS-d(TG) Isomers

;%2 configurationd configurations

e Ntk "*N/ \ no. PS1 PS2 PS3 PS4, no. PS1 PS2 PS3 PS4,

\ // 3 1 R R R R 31 6 S S R R 24

5 2 R R S R 27 7 S R S R 24

4 // 1 3 R S R R 27 8 R S S S 283

H N—H==0 4 R S R S 279 S S s R2

H dR 5 S R R S 26 10 S S S S 20

ad(TpsCrsLrsLrsL) (PS= phosphorothioate group).Standard
3! . deviations aret0.8 °C. T, penalty values for each phosphorothioate
- 5 position (PSt4) are calculated by the following sets ©f, values:
5 3 PS1,AT? 7" = 3, ATy® 8 = 3, andAT8 10 = 3; PS2 AT 1 3 =4
. and AT,"° = 3; PS3,ATy! 2 = 4, AT> 8 = 4, andAT5° = 3;
I PS4,AT,3* = 0 andAT,> 10 = 1.

parent oligomers prevented the extensive structural study by
NMR spectroscopy, and little is known for the effects of
the stereo-defined phosphorothioate on the structure and
C stability of the i-motif.
-y In the present study, we have synthesized 10 diastereomers
of phosphorothioate DNA, dEECpsCrsLrsL) (PS =
i phosphorothioate group), by the oxathiaphospholane method
o (22) and systematically investigated positional and consecu-
1) = \) tive effects of the stereo regulation of the phosphorothioate
group on the i-motif stability and structure by circular
dichroism (CD) and NMR spectroscopy. The present results
provide further detailed information and a prediction about
' narrow groove the stability of PS i-motif structures and the origin of the
- PS-oligo stereo differentiation.

3!

“e

wide groove

. . . MATERIALS AND METHODS
Ficure 1: Chemical structure of the-C* base pair and schematic
drawings of the i-motif topology of d(T§. dR indicates a Sample PreparationThe stereo-defined PS-d(T)pen-
deoxyribose moiety. The schematic drawing of the i-motif was tamers (Table 1) were synthesized by the oxathiaphospholane
scanned and modified from the schematic draw of djT@). method and purified by reverse-phase HPLC as previously

reported 21). The CD and NMR samples were prepared in
B 20 mM acetate buffer (pH 4.5) containing 100 mM NacCl,
S 0 and their concentrations were estimated using the extinction

coefficients at 260 nm which were calculated by the nearest

\\ \\\ NI neighbor method. The samples were premelted &C30rior
g ‘ 5 o//P‘o to the measurements to destroy secondary structure and then
;o\? allowed to thermally equilibrate.
Sp O—Q\H(‘ Rp ! CD SpectroscopyCD spectra were measured over 200 _
_io_, |_C|’_| 350 nm on a J-720 spectropolarimeter (Japan Spectroscopic

Co.) using a jacketed quartz cell with an optical path length
of 0.1 cm. The strand concentration was 1@.5 M for

all of the samples. The CD cell temperature was regulated
by circulating an ethylene glycol/water mixture in the jacket
whose temperature was controlled by an RTE-100 thermostat

Ficure 2: Chemical structure oR,- and S,-phosphorothioate
linkages.

PS-oligo is one of the best backbone modifications to design

a DNA aptamer_ biologically active in vivo, although with (NESLAB) and monitored by a copper constantan thermo-
some toxicological propertiesl$, 16). Moreover, oligo- o hie (Shimadzu). After each temperature change of about
(deoxycytidine phosphorothioate)s are interesting in terms 5 °C, the samples were allowed to stand for-2@ min for

of their efficient HIV inhibition and antisense reagent for e next measurements until the equilibrium between the
telomere DNA (7, 18). The P-chirality § andRy) of the  monomer and tetrad was reached. Almost identical denatur-
phosphorothioate (Figure 2) is known to change the stability ation curves were obtained by increasing and decreasing
and structure of the PS-oligo duplex with the complementary temperature for all of the samples, and the standard deviations
DNA or RNA (19, 20). We previously reported the i-motif  of the T, values weret0.8 °C. The curves were analyzed
formation of phosphorothioate oligodeoxycytidine [PS#(C by a non-least-squares fit method.

n = 4, 20], as well as the parent DNA oligomer, and the ~ NMR Measurement®lMR samples were prepared in 20
preliminary study on the effects of the stereo regulation of mM acetate buffer (pH 4.5) containing 100 mM NaCl. The
the phosphorothioate groups on the i-motif stabiliBg)( strand concentration was 3 mM. The sample in an NMR tube
However, the solubility limitation of the PS-d{Cand its was premelted at 80C prior to the measurements. Attain-



5674 Biochemistry, Vol. 43, No. 19, 2004 Kanaori et al.

o 5.E+05
S RRRR
g 40000 - (A) N °
o O RRSR
g T 4E05 m%gﬁa, ARSRR
on g ’ §iw ﬁhio
3 5 .o, +9§A o #RSRS
- B o B8se o X SRRS
] S ° zoA
2 oo 3.E405 ° Ex ° ©SSRR
= s Xo
= ~ " R +SRSR
o) 2 ¥ g2 O
5 5 ° A:Q m RSSS
§ ‘E‘ 2E+05 1 .Zog ° ASSSR
S T T T T T T = :0’ ° ® SSSS
220 240 260 280 300 320 340 = *ay s o
8 I

Wavelength (nm) 2z 1.E+05 . ﬁZ%s % o °
o = °v ll§§ § §
=}

40000 —

5 B) 0.E+00
£ 0 20 40 60
Q
é‘) Temperature (°C)
= Ficure 4: Change in the molecular ellipticity at 288 nm as a
3 function of temperature for the 10 PS-d(J)@iastereomers.
[=%
= the positive and negative peaks became smaller with an
§ 2 increase of the temperature. The CD melting profiles were
g T T T T T T obtained by plotting the molar ellipticity at 288 nm against

220 240 260 280 300 320 340 temperature, as represented in Figure 4. Using this plot, the
. - . Véaveleng“; (“Cnlg btained 1 Tm values were determined for all of the PS-dgy €motifs
IGURE 3: Temperature dependence o spectra obtained for gng are summarized in Table 1. Thig value of the &ll
(A) [all Rl-PS-d(TG) and (B) Rll §]-PS-d(TG). Ro]-PS-d(TG) i-motif was 31°C, which was identical to
that of PO-d(TG), while that of the &ll S,]-PS-d(TGC) i-motif

ment of the eq“"'b”“‘.“ among smgle-.and four—stranded was largely decreased by XC. This tendency that thi,
components was confirmed by measuring the time course.

of one-dimensional (1D NMR spectra. The NMR spectra isomer is more stable than tigisomer was also confirmed
for another sequence of d(§). The T, values of the &ll

were recorded on a Bruker ARX-500 spectrometer. For the - and [all S]-PS-d(GT) i-motifs were 25 and<16 °C

resonance assignment, two-dimensional (2D) NMR spectra,RID S '

R respectively. Tha@, value of PO-d(GT) was 25°C, identical
DQF-COSY @3), TOCSY (mixing times 40 and 80 ms}4), Do -~
NOESY (mixing times 100, 200, and 350 m&§), and*H— to that of fall Ry]-PS-d(GT). These results indicate th@s,

3P HMQC (6) were measured at 2C. *H andP chemical differences betweeall R, andall S, isomers were about 10

. : . . . °C for four stereo-defined phosphorothioates.
shifts were referenced to sodium 3-(trimethylsilyl)propionate- - o -
2,2,3,3-ds and 85% HPQy, respectively. The NOESY cross- Positional Effect of the Sense of P-Chirality on the Stability
peak intensities were obtained using the measure-volume tooPf the PS i-MotifAs shown in Table 1, with increase of the

of FELIX software (Biosym Inc.). number of B,Jphosphorothioate groups, tfg, values were
decreased. To investigate the effect of the P-chirality on the
RESULTS thermal stability of the i-motif in detail, we compared the

Tm values of the diastereomeric pairs which differ in a single

Melting Temperatures of the Stereo-Defined PS i-Motif. P-chirality at each internucleotide position. For example,
The specific Cotton effect appearing in CD spectra of the [S,,S,,R,,R.]-PS-d(TG), is different in the P-chirality at the
C-rich DNA oligomer is informative of protonated and PS1 position from2, [R,,S,Ry,Ry]-PS-d(TG), and theTy,
nonprotonated cytosine base pairid,(28), and an enlarged  value of7 was lower by 3C than that o [AT> 7 = Tin(2)
positive peak at 288 nm and a concomitant negative peak at— Tn(7)]. For the other two pairs3—6 and 8—10, which
265 nm are indicative of the i-motif structure of the C-rich differ only in the P-chirality at the position of PSAT,>~©
DNA oligomer 29). When this structure collapses, this andAT.®1°were also 3C. Similarly, ATy, values for the
positive peak is lowered with blue shift, and simultaneously other three positions were determined to be43C at the
the negative peak disappears. Temperature elevation causesositions of PS2 and PS3 and. °C at that of PS4, as shown
unfolding of the i-motif structure of C-rich PO-oligo, in Table 1. TheT,, values for the PS-d(T£} i-motif could
although the equilibrium is slowly reache80j. Tempera- be predicted by subtracting the addition of th&,, values
ture-dependent CD measurements were performed at pH 4.5rom the T, value of @ll Ry]-PS-d(TG) (31 °C), and the
for 10 diastereoisomers of PS-d(f)@nd its parent oligomer,  predictedT,, values well coincide with thd,, determined
PO-d(TC), to compare the thermal stability of the i-motif by the denaturation profile. For examph, [R,, S, R, S)]-
structure between the P-chiral diastereoisomers. The CDPS-d(TG), has twoS, phosphorothioate linkages at PS2 and
spectral change obtained at50 °C is represented fo]l PS4, and itsT, value was 27°C, which is lower by 4°C
RyJ- and [all S;]-PS-d(TG) in Figure 3. All of the oligomers  than the T, of [all Ry]-PS-d(TG). The T, value of 6,
showed an identical CD curve which has the positive peak [$,$, R, R.]-PS-d(TG), was 24°C, which is lower by 7C
at 288 nm and the negative peak at 265 nm below@0 than that of &ll Ry]-PS-d(TC). These results indicate that
indicating that all of them take an i-motif structure. Both the decrease of th&;, values can be predicted by adding
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Ficure 5: Schematic drawing of the two antiparallel strands of
the i-motif structure in the narrow groove: (AR[R, S,R)]-PS-
d(TCy) and (B) RS, Ro.RiJ-PS-d(TG). A closed and an open circle
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Ficure 6: H chemical shift differences between the stereo-defined
PS-d(TG) oligomers p([all S]-PS-d(TG)) — o([all Ry]-PS-

indicates a sulfur and an oxygen atom of the phosphorothioate d(TCy))] for nonlabile protons.

group, respectively, and the bases are omitted.

the penalty values at tl positions and that the introduction
of § at the PS4 position has little influence on the stability
of the i-motif structure. The almost identicAll, values for

cross-peaks unique for the i-motif were clearly observed for
the three PS-d(T§ and PO-d(TG). The chemical shifts
obtained are listed in Table S1. We compared the obtained
chemical shift values between PO-d@)Call Ry]-PS-d(TC),

the three positions of PS1, PS2, and PS3 indicate that theand fall S]-PS-d(TG). The chemical shift differenceAp)

T decrease is independent both of the neighboring P-

provides a first approximation of the structure change of the

chirality in the sequence and of the distance between theDNA structures, and the differences betweal Ry]- and
phosphorothioate groups in the space. For example, on thefall S;]-PS-d(TGC) are shown in Figure 6. The chemical shift

basis of the i-motif structure of PO-d(FC(2), the [S]-
phosphorothioate groups af [Ry,R,,S,Ry]-PS-d(TG), are

differences were also obtained between the PS-g)(aad
PO-d(TGC) i-motifs (Figure S1) to evaluate the direct effect

located nearby in the narrow groove (Figure 5), where both of the substitution of a phosphate with a phosphorothioate

of the sulfur atoms of the phosphorothioate groups are group. Remarkable chemical shift changes were observed
directed to the inside and the distance between them is aboutor H2", H3, and H4 of the central three deoxycytidine

5 A. On the other hand, th&]phosphorothioate groups of
3, [Ro SRy, Ry]-PS-d(TG), are far apart in the narrow groove
(>10 A). However, these two PS-d(T)&howed an identical
Tm value as shown in Table 1, indicating that there is no

residues of C2C4, while the protons of T1 and C5 were
almost identical betweeral Ry]- and [all S)]-PS-d(TG,).
T1—-C4 H3 protons of both of the PS-d(Texhibited large
downfield shifts from the corresponding protons of the PO-

destabilization effect by electric repulsion and steric hin- ¢(TC,), and the downfield shifts ofl R,]-PS-d(TG) were
drance between the sulfur atoms of the phosphorothioate|grger than those of|l S,J-PS-d(TG) (Figure S1). The same

groups for the i-motif of3. We can conclude that there is
no effect of inter- and intramolecular interaction between
the phosphorothioate groups on the PS i-motif stability.

Chemical Shift Difference between [al}]Rand [all S]-
PS-d(TQ). To clarify the reason of th&,, decrease by the
substitution ofR, with S,, the structural difference between
the i-motifs of fll Ry]- and [all S]-PS-d(TG) was inves-

tendency of the chemical shift change of theé H®dton was
previously reported in the NMR study of P®NA-DNA

and PS-DNA-RNA duplexes containing a stereo-defined
phosphorothioate group9). Therefore, the downfield shifts

of the H3 protons are probably attributed not to the structural
change but to the induced chemical shift change by the
change from a phosphate group to a phosphorothioate group.

tigated by NMR spectroscopy. As a reference molecule, PO-On the other hand, the C2/C3/C4 'Hand H4 protons of
d(TC,) was also measured in the same conditions as the PS{all S;]-PS-d(TGC) were shifted downfield from the corre-

d(TCy) i-motifs. The T, difference of these NMR samples
between dll Ry]- and [all S;]-PS-d(TG) was also determined
by integrating the T4 H6 proton signals originating from
single- and four-stranded speci€). The T, value of the
[all Rp]-PS-d(TC) i-motif was 46°C, while that of the ll
$]-PS-d(TGC) i-motif was 36°C. TheTy, difference was 10
°C, and the tendency that tiiRg isomer is more stable than

sponding protons ofdll Ry]-PS-d(TG) and of PO-d(TG).
Since all three i-motifs showed almost identical shifts for
H2' protons, the periodical differences of the'H&nd H4
protons may be caused by the structural effects but not by
the induced effect. The H2and H4 protons are directed
toward the narrow groove of the i-motif, and the intermo-
lecular NOEs of H1-H2" and H1—H4' between the

the S, isomer has been confirmed for the concentrated NMR antiparallel strands indicate that the van der Waals contacts

samples.

occur at the H1 H2", and H4 part of the deoxyribose moiety

Chemical shift change and NOE cross-peak intensities (2, 31). These van der Waals contacts are considered to be
were compared between the i-motifs. To assign the signalssignificant for stabilizing the i-motif structure. The periodical

of PS-d(TG) and PO-d(TG), 2D *H NMR spectra (DQF-
COSY, TOCSY, and NOESY) were measured at “ZD

chemical shift differences of the deoxyribose protons suggest
that the i-motif structure ofdll S;]-PS-d(TG) differs in the

where the proportion of the single-stranded species was notdeoxyribose moieties fromall Ry-PS-d(TG) and PO-
detectable. The assignment was performed analogously tod(TC,), although the @t base stacking is less affected by

d(TC,) (n= 2-5) on the basis of Ht-H1' cross-peaks and
rectangular pattern of M+H6 cross-peaks2( 31). Those

the introduction of the $]phosphorothioate groups. In
addition to the'H chemical shifts, we examined tHéP
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FIGURE 7: 100 ms NOESY spectra foall Ry]- (left) and [all S;]-PS-d(TG) (right) measured at 20C and pH 4.5. The regions of (A)
H3'—H8/H6/H2 and (B) H22"'—H4'/H5'/H5" are displayed with the assignment of intraresidual NOE connectivity indicated by residue

names.

chemical shifts oféll S;]-PS-d(TG) and gll Ry]-PS-d(TG)
(Table S1). Since thé'P chemical shifts in PS-oligos are
different betweenRy]- and [S]phosphorothioatel®, 32),
we focused on the dispersion of th¥ chemical shifts of
the phosphorothioates. As previously report&® NMR
signals of the i-motif structure of PO-d(TFCwnere observed
in the narrow chemical shift range betweerl.0 and 0.5
ppm probably because of its periodical struct@®e énd>*P
chemical shifts of PO-d(Tg in this study were also observed
in the narrow range between0.8 and 0.3 ppm. However,
the 3P signals of @ll S;]-PS-d(TG) were observed in the

H6—H3' distances converted from the NOE intensities
indicate that those distances of the central deoxycytidine
residues of 4ll S]-PS-d(TG) were longer by 0.20.4 A
than those ofdll Ry]-PS-d(TG). The intraresidual H6H3'
distance generally depends on the pseudorotation phase angle
P and glycosidic torsion anglg. Most i-motif structures
reported so far take a G&ndo conformation where the
intraresidual H6-H3' distance is outstandingly shog, 31).

The longer H6-H3' distances ofdll S]-PS-d(TG) may be
caused by a conformational change from-€8do to C4

exo and by a decrease in theangle. To confirm the

wider range between 55.2 and 57.6 ppm, although those ofconformational change in the deoxyribose moieties, we
[all Ry]-PS-d(TC) were between 55.3 and 56.1 ppm. The compared the sum of the couplingsl (=3Jr > + 331 ),

dispersion of thé!P chemical shifts ofdll S;]-PS-d(TG)

which is related to the geometry of the deoxyribose rBg).(

may be related to the change in the periodical conformation The > 1' values of T1 and C5 were 12 Hz for both thedl |

of the phosphorothioate backbone.

Difference in the i-Motif Conformations between [a}]R
and [all S]-PS-d(TG). To investigate the i-motif conforma-

Ry]- and [all §;]-PS-d(TG), indicating that the? values of
these terminal residues are about®.3Gor the central
deoxycytidine residue$, 1’ values of C2 were 10 HA(=

tions in detail, NOE cross-peak intensities were compared 18°) identical for ll RyJ- and [all S,]-PS-d(TG), while the

among PO-d(T@), [all Ry-PS-d(TG), and Rll S)-PS-
d(TC,). There was little difference in intensity of interstrand
NOEs of H1—-H1' and H1-H6/H6—H1' between the three
oligomers, which is indicative of the i-motif formation. This
coincides with the above-mentioned CD results thit,]-
PS-d(TG) takes an i-motif structure although 1%, value

is lower than PO-d(T¢} and fll Ry]-PS-d(TG). Remarkable
differences in the NOE intensities betweail R,]- and [all
SI-PS-d(TC) were observed in the H8H3' regions of
NOESY spectra (Figure 7A). Although the intraresidue-H6

coupling constants of C3 and C4 could not be determined
for both of the PS-d(T&} because of signal overlapping. The
converted H6-H3' distances and these coupling constant data
indicate that all of the deoxyriboses for both of the PS-dfTC
take a conformation in the range betweer-€3do and C4

exo and that the increase of the HEA3' distances of 4l
S]-PS-d(TQ) is caused by the increase in tRevalues of

the central deoxycytidine residues, accompanied by a de-
crease in the angles.

The same tendency as observed for the-H8' NOEs

H3 NOE cross-peaks of T1 and C5 were invariant for both was obtained for the NOE intensities in the'HH2"'—H4'/

of the PS-d(TG), those of C2, C3, and C4 oal S)-PS-
d(TC,) were weaker than those ddl[ Ry] PS-d(TG). The

H5'/H5" region (Figure 7B): The NOE intensities adilf
SI-PS-d(TC) were weaker than those dl[ Ry]-PS-d(TG).
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by the higher steric hindrance and the more negative charge
of the sulfur atom as compared with the oxygen at@%).(
Comparison of NMR spectra betweeall[R,]- and [all S;]-
PS-d(TG) indicates the change of the deoxyribose confor-
mation in the center of the i-motif structure (Figure 7). The
structure change for thell S)]-PS-d(TG) i-motif is also
suggested by the chemical shift change fraatt 5] PS-
d(TC,) and PO-d(TG) (Figures 6 and S1). These NMR
results suggest that this steric hindrance changes the C3
endo conformation contributing to the stabilization of the
i-motif structure by the intermolecular van der Waals contacts
between the deoxyriboses in the narrow groo<l(34).
Besides the decrease of the van der Waals contacts, the
FiGURE 8 View of molecular models of the (Ag]l S]- and (B) change in the CH-O hydrogen bonds from the Odtom

[all R)]-PS i-motif in van der Waals space-filling mode viewed may be another possible factor of the destabilization of the
from a narrow groove. The coordinates of the i-motif structure are [all S;]-PS-d(TG) i-motif (3, 4). The inter- and intramo-
derived from A and D chains of d¢T) (PDB code 191D) whose lecular CH--O hydrogen bonds possibly play an important
pro-S, or pro-R, oxygen atoms (red) are replaced by a sulfur atom 0 iy the intimate sugarsugar contacts existing in the

llow). . . .

(vellow) narrow groove 3, 4). The direction of the lone pair electrons

As previously reported, strong NOE cross-peaks are observed! the O4 atom is significant in this CH-O hydrogen bond,

in the H2/H2"'—H4'/H5/H5" region for the i-motif, because and the conformational change of the deoxyribose would alter
the hydrogen-bonding network in the narrow groove. Thus,

the §, stereo regulation of the phosphorothioate linkage may

because the interresidue NOEs of "HH4' could be destabilize the hydrogen bonding through the deoxyribose

observed between the antiparallel strands in the narrowCconformational change. Th&Ty value for PS4 was much

groove @, 31). Therefore, the weaker NOE peaks in the/H2 smaller than those for the others. The low penalty value at

H2'" —HA'JHE H5" regio,n also indicate thata]l S,)-PS- the PS4 indicates that the deoxyribose moiety of the

d(TC,) takes a different deoxyribose conformation in the 3'-terminal residue makes little contribution to the stabiliza-

central C2, C3, and C4 residues, as compared to POI(TC tion of the i-motif structure. One reason is that the deoxyri-
and gl Rpi-PS’-d(TQ). It was reborted that the Gando bose moiety of the'aterminal residue is located outside the

conformation contributes to the stabilization of the i-motif stacked Q:* planes and may make weak van der Waals
structure by the intermolecular contacts between the deoxy-CONtacts in the narrow groove. , o
riboses in the narrow grooves, @, 34). These results imply Thermodynamic data regarding the influence of P-chirality
that the conformational chang® @and ) of the central on stab_lllty of dup_lexes formed between phosphorothioate
deoxycytidine residues is induced by ti&]phosphorothio- ~ DNA oligonucleotides and complementary DNA or RNA

the deoxyriboses of the i-motif structure take-@€8do where
a distance of H2—H4' is also very short €2.5 A) and

ate groups, leading to the destabilization of tak §,]-PS- strands were reported recentB0f. The relative stability of

d(TC,) i-motif. those duplexes gl R;]-PS-DNA/DNA vs [all §]-PS-DNA/
DNA) depends on their sequential composition rather than

DISCUSSION on the absolute configuration of PS-oligos. On the other hand,

the [all Ry]-PS isomers form more stable duplexes with RNA

With the increase in the number d§Jphosphorothioate  templates than thea[l S,]-PS isomers, which is independent
groups, theT,, values of the PS-d(T4 i-motifs were of the sequence. PDNA/RNA duplexes take an A-type
decreased. Single replacemenfyby S, caused a decrease conformation with a C3endo puckeringX9, 36, 37), and
of Ty by 3—4 °C at positions of PS1, PS2, and PS3 and by the A-type conformation involves sequence-independent
1 °C at that of PS4 with the additive property of thg water bridges betweepro-R, oxygen atoms of adjacent
decreases. There was no additional loss in the i-motif stability phosphate group88—40). The sequence-independent factor
in terms of the mutual position of the phosphorothioate for the stabilization oféll R,]-PS-DNA/RNA is considered
groups. Such an additive property was also observed for theto be the hydration effect in the major groove0). The
chimeric DNA/RNA i-motif structure: for each RNA residue present results show that tiig decrease is independent both
added, theT, decreases by roughly 6.5C, while the of the neighboring P-chirality in the sequence and of the
juxtaposition of the two ribose sugars in a back-to-back distance between the phosphorothioate groups in the space.
orientation incurs an additional loss of°’@ in the stability Therefore, such water molecules bridging in the narrow
(13). The ribose 2hydroxyl groups are directly involved in  groove would not be related with the stereo differentiation
the close contacts between the deoxyriboses of the antipar-of the stability of the i-motif. In the crystal structure of the
allel strands in the narrow groove and are separated by lesgd(CCCT) i-motif (PDB code 191D), no significant water
than 5 A in theback-to-back orientation. Therefore, the molecules were observed between the phosphate groups in
introduction of the 2hydroxyl group makes a larger influ- the narrow groove 41). On the other hand, the crystal
ence on the i-motif stability and the additional factor for the structure shows that particular hydration water molecules
relative orientation of the riboses. The sulfur atom of e exist between thero-R, oxygen atom and cytosine NHf
isomer is also directed toward the narrow groove where thethe antiparallel strand in the wide groove. These water
deoxyriboses of the antiparallel strands closely contact eachmolecules may play a similar role in stabilizing tfa! [R;]-
other (Figure 8) 1, 2). The destabilization may be caused PS i-motif: The sulfur atom in a phosphorothioate group,
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carrying most of the negative charge of the internucleotide
linkage, is a strong acceptor of the charge-assisted hydrogen
bond @2). Simultaneously, a nonbridging oxygen in the
phosphorothioate group is a much weaker acceptor because
of its reduced charge, compared to the symmetrically
distributed charge in the unmodified phosphate bond. The
hydration pattern in the wide groove can be formed in the
case ofR, isomers but not ofS, ones, resulting in the
destabilization of the i-motif.

The T, results in this study are in disagreement with those
previously obtained for PS-dgfwhoseS, isomer is more
stable thanR, (21). A possible reason is that the i-motif
structure of d(G) (NDB code UDDO024) is different from
all of the other i-motif structures in terms of a small twist
angle and C4exo deoxyribose conformatior34, 43). As
for C—H---O hydrogen networks, the i-motif of d{Chas
some plasticity in interaction of the O4 lone pair with
C1—H1" and C4—H4' (4). The structural specificity of the
d(C,) i-motif should cause the opposite effect on the stability
of the stereo-defined PS i-motif by the change of the steric
hindrance, the €H---O interaction, or the hydration pattern.

Effects of the phosphorothioate group on the structure and
stability have been clarified for various DNA structures. Our
observation may become fundamental data for the design of
the PS-DNA aptamer using the i-motif structure or other
compact DNA structures such as the G-quartet, some of
which also show efficient HIV inhibition44, 45).

SUPPORTING INFORMATION AVAILABLE

H and®P NMR assignment of the three i-motifs (Table
S1) and chemical shift differences obtained between the PS-
d(TCy) and PO-d(TG) i-motifs (Figure S1). This material
is available free of charge via the Internet at http://
pubs.acs.org.
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