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ABSTRACT. Oligodeoxycytidine phosphorothioate (PSrd@ = chain length), known to show virus
inhibition ability by a mechanism other than the antisense one wteR20, was explored for its solution
structure by circular dichroism (CD) and ultraviolet (UV) absorption spectroscopy. For BSvH€n

the strand concentration was higher thani\0, the respective 288-nm positive and 265-nm negative
peaks appeared in the CD spectra at slightly acidic pHs &aif the absence of salt, which is indicative

of a four-stranded structure (namely, the i-motif). Strand concentration-dependent CD spectroscopy
indicated that intermolecular association is responsible for this i-motif. The formation of i-motif was
also characterized by UV absorption spectroscopy, in which the dissociation of this structure caused a
sharp increase in the absorbance at 275 nm and a decrease at 305 nm. By plotting this chdige, the
values were estimated to be ca. 11 and@at 20 and 5&M strand concentrations, respectively. Stability

of the i-motif was compared between PSd&chiral diastereoisomers, and tBgconfiguration produced

a more stable structure thd®. PS-dGo was also investigated at physiological temperature, and the
respective 288-nm positive and 265-nm negative peaks appeared at slightly acidic pH; it has been suggested
that intermolecular folding was predominant above caMlLand that intramolecular folding dominated

at low strand concentrations such as 04M. Gel-filtration chromatography and nondenaturing gel
electrophoresis provided the supporting data for the four-stranded folding of RS-dC

Oligodeoxynucleoside phosphorothioate (PS-oliga), melting profile and nondenaturing gel electrophoretic migra-
which one of the nonbridging oxygen atoms in each tion that C-rich oligodeoxynucleotides (PO-oligos) such as
internucleotide phosphate linkage is replaced by a sulfur d(CCCCAA),, d(CCCCAAAA), etc., form a structure other
atom, has been used extensively as an antisense moleculeéhan a duplex under acidic conditions (Ahmed & Henderson,
and it has been demonstrated in a number of papers that thig992). NMR analysis carried out for d(TCCCCC) at pH
molecule is pOtentially antiretroviral (AgraWaI et a.l., 1988, 4.3 presented unusual interresidue sugargar NOE cross
Majumdar et al., 1989; Stein & Cheng, 1993). In the peaks for HEH1', HL'-H2", and H1-H4', which are not
antisense method, an antisense PS-oligo commonly has &etected for a conventional DNA duplex (Gehring et al.,
base sequence complementary to that of its target MRNA1993. | eroy et al., 1993). This unique structure of such

and inhibits gene expression by forming a hybrid with the ¢ i po_gligos has been identified as a four-stranded
MRNA. However, an exceptional case was also reported complex, namely, an i-motif. In this structure, two base-

whe_re ohgodeox_ycyudlne phosphorothioate (PS;dC= . Paired parallel-stranded duplexes are associated, their base
chain length), which has no complementary sequence against__. : : . :
pairs fully intercalated, and the relative orientation of the

the target, showed efficient HIV inhibition (Matsukura et aqupl : i lel. Furth it red (L
al., 1987, 1988). This result strongly indicates the coexist- uplexes IS antiparaflel. Furtnérmore, it was reporte (Leroy
et al.,, 1994) that longer C-rich PO-oligos such as

ence of some unidentified mechanisms other than the )
antisense one, possibly characteristic of PS-d0o reveal ~ J[(CCCTAA)CCC], part of a vertebrate telomeric DNA
the entire antiviral mechanism of PS-oligo, it is worthwhile Sequence, formed i-motif structures at neutral or weakly
exploring such unique properties of PSdC aC|d|p pH, and tr_le authors suggestgd tha}t this structure is
It has been known that natural-type poly(dC) (PO)dC Possible evern vivo. Such a unique i-motif structure was
forms a duplex by three hydrogen bonds between protonatedalso observed for C-rich PO-oligo derived from many cellular
and nonprotonated cytosine moieties at slightly acidic pH genes, such as a telomeric repeating sequence of
(Guschlbauer, 1967; Hartman & Rich, 1965; Slegers & Fiers, d[(CCCTAA);CCCT] existing in the chromosomes of hu-
1973). Recently, it was demonstrated by ultraviolet (UV) mans and vertebrates, a rat ci&s protooncogene promoter
sequence of d[GC(TCCg)CCT(TCCC}], and so on, by
" This work was supported partly by a Grant-in-Aid for Scientific measuring pH and temperature profiles with circular dichro-

Research (08458176) from the Ministry of Education, Science and ; ; ; Y
Culture and by Rational Drug Design Laboratories. ism (CD) and polyacrylamide gel electrophoretic mobility,

* To whom correspondence should be addressed. and so on (Manzini et al., 1994) Recently the i-motif was
® Abstract published i\dvance ACS Abstract§ebruary 1, 1997. finally confirmed by X-ray analysis (Chen et al., 1994).
! Abbreviations: PS-oligo, oligodeoxynucleoside phosphorothioate; ] ) L
PO-oligo, natural-type oligodeoxynucleotide; PSyd@ligodeoxycy- In the present study, with the aim of examining if PS;dC
tidine phosphorothioate; PO-d@atural-type oligodeoxycytidine; CD, i
circular dichroism; RPLC, reversed-phase liquid chromatography; IELC, also fprms such a unique structure, we employed CD
ion-exchange liquid chromatography; PNK, T4 polynucleotide kinase: (Manzini et al., 1994) and UV (Mergny et al., 1995)

EDTA, ethylenediaminetetraacetic acid. spectroscopy, both of which recognize protonated and
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nonprotonated cytidine base pairing in the four-stranded single peak by IELC, and subsequently eight diastereoiso-
structure: It should be noted that NMR, one of the most mers included in the IELC envelope peak separated in seven
powerful spectroscopic techniques, could not be readily peaks by RPLC. The specific configuration of each dias-

applied to PS-dgdue to the complex overlap of the proton tereoisomer in the RPLC peaks was already identified

signals of the P-chiral diasterecisomers. Also, we obtained previously (Wilk & Stec, 1995), and therefore, we assigned

supporting data by gel-filtration chromatography and non- each peak accordingly: The elution order vR&R,R, >

denaturing gel electrophoresis. RRS = SRRy > SRS > RSR > SSRy > RSS >

In PS-oligo, P-chirality of an internucleotide phospho- $$S. This elution order is consistent with that reported
rothioate linkageR, andS;) generates diastereoisomers the Previously for diastereoisomers of a PS-oligo tetramer
number of which increases in proportion t62(n = number ~ [d(ApsTp<Cp<G), ps= phosphorothioate], which were sepa-
of phosphorothioates) (Stec et al., 1984). This difference rated by similar RPLC (Murakami et al., 1994). For further
in the configuration produces different types of PS-oligo confirmation of the three diastereoisomeRsRoRy, SRS,
diastereoisomers (Stec & Wilk, 1994). According to previ- and$$$,) which were used for the following spectroscopi-
ous papers (Kanehara et al., 1996a; Koziolkiewicz, et al., cal measurements, stereodifferential enzymatic digestions
1995; LaPlanche et al., 1986; Stec et al., 1995; Stein et al.,(Burgers & Eckstein, 1978) were carried out, in which only
1988), for instance, th&, isomer exhibited higher duplex theR, phosphorothioates are specifically digested by snake
stability thanR, when DNA was used as a target, while such venom phosphodiesterase (Pharmacia, Sweden) and the
a clear trend was not seen when RNA was a target. Anotherf€maining free phosphorothioate at thieeid is removed

interest in the present study is, therefore, to see if the i-motif by calf intestine alkaline phosphatase (Toyobo, Japan). Each
PS-dG, structure is dependent on the P-chiral diastereoiso- isolated diastereoisomer was dissolved in a mixture of 100

mers. mM Tris-HCI buffer (50uL, pH 8.9), 20 mM MgC} (5 uL),
and the enzymes (20L of 250 units/mL snake venom
MATERIALS AND METHODS phosphodiesterase andut of 2 units/mL alkaline phos-

phatase). The reaction mixtures were incubatedlft at

Sample Preparation.Both PO- and PS-oligo were syn-  37°C and analyzed by RPLC employing the same conditions
thesized on Milligen/Biosearch Cyclone Plus DNA synthe- as used for the isomer separation. RyR,R, and S35,
sizer by the standard phosphoramidite methods employingdiastereoisomers, only the cytidine and the parent RPLC
-cyanoethyl phosphoramidite monomers. All reagents and peaks were observed, respectively. For RS, diaste-
solvents used for the synthesis were purchased from the Sameeoisomer' the parent peak was eliminated and simulta-
company. Synthesis was carried out on theniel scale.  neously the faster-eluting peak appeared, which was attrib-
Oligodeoxynucleoside phosphoramidites were treated eitheryted to B]-dC,C by comparison with a genuine sample
with iodine or with tetraethylthiuram disulfide to generate (Koziolkiewicz et al., 1986). These results confirm our
phosphodiester and phosphorothioate linkages, respectivelyassignment.
Deprotection of the oligomers was performed in concentrated  The concentrations of PO- and PSyd&mple solutions
NHs for 7 h at 55°C. After NH; evaporation, the oligomers  ysed in the following measurements were estimated using
were purified by reversed-phase liquid (RPLC) and DEAE the extinction coefficients at 260 nm which were calculated
ion-exchange (IELC) chromatography (Agrawal et al., 1990; py the nearest-neighbor method (Fasman, 1975). The pH
Kanehara et al., 1996b; Stec et al., 1985; Zon, 1987) usingadjustment of the sample solutions was performed with 0.01
an HPLC system consisting of an SCL-6B system controller, gnd 0.1 N NaOH and HCI.
an SPD-M 6A photodiode array UWis detector, a pair of UV and CD Spectroscopwv absorption Spectra (290
LC-6A pumps, and a PC-9801 RAS51 host computer (Shi- 350 nm) were recorded with a UV-260 spectrophotometer
madzu, Japan). The RPLC columns used were RP-8(e) (4(Shimadzu). The optical path length of the cell was 1 cm.
um, 4.6 x 250 mm) (Merck, Germany) and Wakosil 5C18 The sample temperature was controlled by the thermoblock
(5 um, 4.6 x 150 mm) (Wako, Japan). Other RPLC puyried in the sample holder which was coupled with the
conditions are as follows: eluents, (A) 0.1 M triethylam- thermocouple. After each change of the temperature settings,
monium acetate (pH 7.0) and (B) 0.1 M triethylammonium samples were allowed to stand for 20 min for the next
acetate (pH 7.0)/acetonitrile (50/50 v/v); gradient;-#0% measurements. CD spectra were measured over 240
B (linear) for 25 min and then 50% B and 4000% B nm on a J-720 spectropolarimeter (Japan Spectroscopic Co.,
(linear) for 10 min for DMTr on and -off samples, respec- Jjapan) using jacketed quartz cells with the optical path
tively; flow rate, 0.7 mL/min; detection, 254 nm; temperature, |engths of 1 and 10 cm. The CD cell temperature was
ambient. For IELC, the HPLC system used was same asregulated by circulating an ethylene glycol/water mixture in
that used for RPLC and the column used was TSK-GEL the jacket, whose temperature was controlled by an RTE-
DEAE-2SW (1Qum, 4.6 x 250 mm) (Tosoh, Japan). Other 100 thermostat (NESLAB, Japan). After each temperature
chromatographic conditions are as follows: eluent, (A) 50 change, samples were allowed to stand for 20 min for the
mM ammonium acetate and (B) 1.5 M ammonium acetate; next measurements. For both spectroscopy, samples were
gradient, 6-100% B (linear) for 60 min; flow rate, 1 mL/ premelted at 7580 °C immediately prior to the measure-
min; detection, 254 nm; temperature, ambient. Unless ments to destroy secondary structure and then allowed to
otherwise specified, PS-dQvas used as a diastereomeric thermally equilibrate.
mixture. Gel-Filtration Chromatography. Gel-filtration chroma-

For the separation of PS-g@iastereocisomers arising from  tography was performed using a CCPM-Il pumping system
the three P-chiral internucleotide phosphorothioate linkages, coupled with an SC-8020 system controller and a UV-8020
a combination of RPLC and IELC was used. A diastereo- detector (Tosoh). The column used was TSK-G3000PW (10
meric mixture of detritylated PS-dQvas first isolated ina  um, 8 x 600 mm). Other chromatographic conditions are
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as follows: sample size,/_ (1 mM); eluent, 20 mM acetate
buffer (pH 4.5) containing 0.3 M NacCl; flow rate, 0.8 mL/
min; detection, 305 nm; temperature, ambient.
Nondenaturing Polyacrylamide Gel Electrophoresis.
Sample oligodeoxynucleotides, PSd@nd PO-d¥, were
radiolabeled with T4 polynucleotide kinase (PNK) (10 000
units/mL, New England Biolabs) an#P-ATP (5000 Ci/

mmol, Amersham, England). Other reagents used were of
gel electrophoresis grade. The reaction mixtures consisting

of 1 uL of PNK, 6 uL of [32P]ATP, 1uL of protruding buffer
(New England Biolabs), and@_ of a stock sample solution
(strand concentration being/v) were incubated at 37C

for 30 min. After incubation, ethylenediaminetetraacetic acid
(EDTA) was added to terminate the reaction, and subse-

quently unreacted®iP]ATP, enzyme, and salt were removed
with Sep-Pak Cartridges (Waters). After drying with a

centrifugal concentrator (Tomy, Japan), loading samples were

prepared. The final composition was as follow¥-labeled
PS-dGpand PO-d%, (8 nM) + nonlabeled PS-dzand PO-
dT2o (10 uM), respectively; buffer, 50 mM Tris-acetate (pH
4.5) containing 0.5 mM EDTA and 5% glycerol. Aliquots
(4 uL) were loaded on the nondenaturing 20% polyacryl-

amide gel. Electrophoretic measurements were carried out

in the same buffer as for the samples &oh at 10°C under
recirculation of the buffer. After the gelwas dried, an
autoradiogram was obtained.

RESULTS

A specific Cotton effect appearing in the CD spectra of
C-rich PO-oligo is informative of protonated and nonpro-

tonated cytosine base-pairing (Edwards et al., 1988, 1990),
and an enlarged positive peak with a red shift and a

concomitant negative peak are indicative of the i-motif
structure of C-rich PO-oligo (Manzini et al., 1994). When

this structure collapses, this positive peak is lowered with a
blue shift and simultaneously the negative peak disappears.
Similarly UV spectra show a characteristic temperature-
dependent blue shift, indicative of the thermal dissociation

of the i-motif structure (Mergny et al., 1995). In the present

study, therefore, we applied these spectroscopic techniques

to PS-dG.
CD Spectra of PS-dCas a Function of pH. i-Motif

structure formation has been reported to depend on the

surrounding conditions, particularly on the pH (Manzini et
al.,, 1994; Mergny et al.,, 1995). First, therefore, pH-
dependent CD spectroscopy was carried out for PS(2&

uM) at 0 °C. The reason that we took this small PS-oligo
is to simplify the system by avoiding the contribution of
intramolecular folding. Salt destabilizes the i-motif (Mergny

et al., 1995), and to increase the association of this small
oligonucleotide, therefore, measurements were performed in
the absence of salt. As shown in Figure 1a, this sample
showed both the 288-nm positive and 265-nm negative peaks

at pH 4.5, while at higher (pH 7.0) and lower (pH 3.0) pHs,

the positive peak decreased with blue shifts to 278 and 285
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nm, respectively, and the concomitant negative peak disap—FIGURE 1: CD spectra obtained for PS-gQ(a) Effect of pH.

peared.

UV and CD Spectra of PS-d@s a Function of Temper-
ature and Strand Concentratiorinfluences of other condi-
tions on the association of PS-g@vere also explored.
Temperature elevation causes unfolding of the i-motif

Conditions: strand concentration, 2M; temperature, OC; pH,
3.0, 4.5, and 7.0. (b) Effect of temperature. Conditions: strand
concentration, 2(M; temperature, 860 °C; pH, 4.5. (c) Effect
of strand concentration. Conditions: strand concentratier2QL

uM; temperature, 0C; pH, 4.5. (d) Effect of NaCl concentration.

Conditions: strand concentration, 2M; temperature, 0C; pH,

structure of C-rich PO-oligo as is seen for conventional DNA 4.5; salt concentration,-01 M.
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FicUrRe 2: UV denaturation profiles obtained for PS-#t (a) 275  C-rich PO-oligos (Mergny et al., 1995). To see if this occurs
nm and (b) 305 nm. Conditions: strand concentration, 20 (closed for the PS-oligo i-motif, therefore, CD measurements were
squares) and 5@M (open squares); pH, 4.5. From the spectral conducted for PS-dC(20 uM) in the presence of NaCl at
change, th@, values were obtained to be ca. 11 and°C3at the pH 4.5 and (°C. The NaCl concentration ranged up to 1
strand concentrations of 20 and M and the isosbestic point of -\, - g the salt concentration was increased, both the positive
this equilibrium to be at ca. 290 nm. . . -

and negative peaks decreased gradually, as depicted in Figure

double strands. Temperature-dependent CD and UV spec-ld'

troscopy was, therefore, performed for PS;GE pH 4.5. CD Spectra of PS-dfDiastereoisomersTo compare the
The strand concentrations were 20 and.®5 for CD and thermal stability of the i-motif structure between the P-chiral
UV spectroscopy, respectively. The CD spectral change diastereoisomers, CD spectroscopy was carried out at varied
obtained at 860 °C is represented in Figure 1b. Both the temperatures at pH 4.5 for the isolated PS-diaistereo-
positive and negative peaks appeared below°@0and  isomers whose configurations &5S, SRS, andR,RR,.
became smaller as the temperature was elevated. UVThe strand concentration was 2. As reference mol-
measurements were also conducted in thé ®°C temper- ECU|ES, we took PO-d@md a diastereomeric mixture of PS-
ature range, and the respective increase and decrease of théCs. The CD melting profiles were obtained by plotting the
absorbance at 275 and 305 nm was observed as a functiofinolar ellipticity at 288 nm against temperature, as repre-
of temperature. The isosbestic point was obtained at 2923ented in Figure 3. Although overall thermal dissociation
nm (data not shown). By plotting the absorbance at the both curves could not be obtained for these samples because of
wavelengths against temperature, the thermal dissociation Uvthe low Ty, values, this measurement demonstrated a clear
prof”e was obtained, as shown in Figure 2 (dosed squares)_difference in the thermal Stablllty of these Samples. The
Using this plot, theT,, value was determined to be ca. 11 order of theTy values was PO-dC> §SS, > PS-dG

°C. To see if the thermal stability is concentration- diastereoisomer mixture SRS > RoRoR,.

dependent, which allows us to determine whether this folding CD Spectroscopy, Gel-Filtration Chromatography, and
is due to intra- or intermolecular interaction, analogous UV Nondenaturing Gel Electrophoresis of PS-dCIn the case
measurements were carried out at the increased strandf DNA/DNA and PS-oligo/DNA duplexes, stability in-
concentration of 5tM. The resultant dissociation profile  creases with increase in the chain length of the strands. To
is also depicted in Figure 2b (open squares). The curve issee the influence of the chain length on the i-motif structure
shifted toward the highef,, compared to that obtained at of PS-oligo, we employed a larger sample of PSgdGirst,

25 uM. The Ty, value estimated from this curve is ca. 13 we carried out CD spectroscopy at’G under conditions

°C. To see the strand concentration effect on the structuresimilar to those used for PS-dGnd great improvement of

of PS-dG in more detail, we also explored the CD spectral the thermal stability was observed (data not shown). Also,
change at pH 4.5 and at’C. The strand concentration was at 25 °C, this molecule (6«M) showed both positive and
varied from 1 to 5«tM. The resulting spectra are shown in concomitant negative peaks in the pH-569 range in the
Figure 1c. Above 1Q:M, both the positive and negative absence of salt (data not shown). So we were interested in
peaks clearly appeared at 288 and 265 nm, respectively, whilethe folding behavior of this molecule under physiological
below 1uM, the negative peaks completely disappeared and conditions and performed CD measurements &iGih the

only the 280-nm positive peak remained. presence of 0.9 wt % NaCl. As shown in Figure 4a, PS-
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o 20 2 2 oo o concentratiqn, '_[hus implying that the coincidence mentioned
Wavelength (nm) above was |nC|dentaI_. _ On the other he_lnd, at 0.1 and 0.05
uM, the 285-nm positive peak was slightly lowered and
simultaneously the much smaller negative peak was obtained,
although the molar ellipticity was not on the minus side. Also
sooi .

C it was found that the intensity of the positive peak generated
at 0.05uM was temperature-dependent as shown in Figure
O 0.05uM 4c.
Molecular size distribution of PS-dg four-stranded
2004 I g complexes was measured by gel-filtration chromatography.
a o As references, PO-d§ and PO-dG, were also chromato-
300 - o8 graphed. Immediately prior to the measurements, P%;dC
¢ PO-dT,, and PO-d@, were annealed by heating at 100
200 ) and cooling down slowly fol h to theroom temperature.
° As depicted in Figure 5, as expected, POQgidroduced a
single peak; however, PO-d{have two peaks, the first peak
0 20 40 60 80 of which was broadened. In the case of PSgi@e peak
Temperature (°C) shape was analogous to that of PO,glCAlso, PS-dG that
Ficure 4: CD spectra obtained for a diastereomeric mixture of Was heated at 108C and instantly cooled down to @C
PS-dGg at 37°C as a function of (a) pH (strand concentration 2 was loaded and a similar peak shape was obtained. Non-
#M) and (b) strand concentration (pH 4.5). (c) Thermal dissociation denaturing gel electrophoresis, which also analyzes the size
ngnles obtained at 0.05 and /2M strand concentrations at pH  of the folded oligonucleotides, was conducted for annealed
~ and nonannealed PS-gCas well as for PO-d% as a
reference. Although a strong band was not obtained readily
for PS-dGo but only for PO-d}y in the autoradiograms, since
PS-dGyis not a good substrate for PNK, a slowly migrating
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dCy (2 uM) exhibited both the 288-nm positive and 265-
nm negative peaks below pH 5.0, although below pH 3.0,

the intensities of both the positive and negative peaks band, compared to the clear band of PQgiEmerged for

decreased simultaneously. Also, at pH 4.5 and in the
presence of NaCl, concentration-dependent CD spectroscopyboth annealed and nonannealed P$oqdata not shown).

was carried out by varying the strand concentration from 5 5cussioN

0.05to 7uM. The resultant CD spectra are shown in Figure

4b. Under these conditions, the 288-nm positive and Formation of i-Motif PS-d@ Structure and Its Thermal
concomitant 265-nm negative peaks appeared aboveM).5  Dissociation. It has been demonstrated previously that
Compared to the results for PS-«@nexpectedly, all of the  formation of i-motif PO-dG structure depends on pH and
CD spectra were identical in this concentration range. We that this structure is stable at slightly acidic pHs (Gehring et
obtained thermal dissociation profiles to see if such behavior al., 1993; Leroy et al., 1994; Manzini et al., 1994; Mergny
occurs only at this temperature incidentally. The resultant et al., 1995), and that appearance of both positive and
CD thermal dissociation profiles are represented in Figure negative peaks in the CD spectrum is indicative of the i-motif
4c. As is seen in the figure, at strand concentrations of 2 PO-dG, formation (Manzini et al., 1994). We began pH-
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dependent CD spectroscopy with a short strand such as PSstrand concentration of %M gave the increased, value
dC; (25 uM) at 0 °C in the absence of salt. Compared to of ca. 13 °C. This result indicates again that i-motif
the result obtained at pH 7.0, we observed neither an increasdormation is concentration-dependent, and therefore, that the
in the intensity of the positive peak nor generation of a four-stranded structure of PS-gl€drmed under the present
negative peak at slightly acidic pHs, although the positive conditions is due to intermolecular interaction.
peak was shifted from 275 to 285 nm (data not shown), thus Influence of Salt Concentration on the i-Motif Stability.
suggesting that PS-d@s not sufficiently large to form the  CD spectroscopy performed for PS-@5 uM) over 0—-1
i-motif structure under the present conditions. On the other M salt concentration range at pH 4.5 and® (Figure 1d)
hand, PS-d¢(25 uM) showed both the increased 288-nm showed a gradual decrease of the positive peaks appearing
positive and concomitant 265-nm negative peaks at pH 4.5,at 288 nm with an increase in the salt concentration. This
which are characteristic of i-motif structure (Figure 1a). The trend implies that the i-motif stability of PS-d@ecreases
shift of the positive peak and the disappearance of the gradually with an increase in the salt concentration and is
negative peak at higher (pH 7.0) and lower (pH 3.0) pH consistent with that reported previously for C-rich PO-oligo
implies that the i-motif structure was destroyed in such pH (Mergny et al., 1995).
regions. These observations agree with the results reported Difference in the i-Motif Stability between PS-dDia-
previously for the i-motif formation of C-rich PO-oligos stereoisomers.PS-oligo is composed of diastereoisomers
(Gehring et al., 1993; Manzini et al., 1994). In order to see arising from the phosphorothioate P-chirality (Stec et al.,
if this behavior is characteristic of PS-gGve employed 1984), and it is known that the stability of the duplex of
oligodeoxythymidine phosphorothioate (PSspas a refer- PS-oligo with its complementary PO-oligo is dependent on
ence and carried out analogous CD measurements ovethe overall configuration of the PS-oligo (Kanehara et al.,
similar pH range. PS-dTdid not show such a spectral 1996a; Koziolkiewicz et al., 1995; LaPlanche et al., 1986;
pattern at any pH but weak positive peaks around 275 nm. Stec et al., 1995; Stein et al., 1988). The stability of the
It has been reported for C-rich PO-oligos that strand i-motif of the diastereocisomer§S,S, SRS, andRR,Ry)
concentrations are highly responsible for the i-motif forma- was evaluated by plotting the molar ellipticity at 288 nm,
tion. In the case of d(TCCCCC), for instance, it was which exhibits the extent of the base stacking, against the
demonstrated using electrophoretic analysis that the i-motif temperature (Figure 3). The thermal dissociation CD profiles
was stable at 2C when the strand concentrations was indicate that the5,SS, and R,RyR, diastereoisomers led to
roughly above 3QuM (Gehring et al., 1993; Leroy et al., the highest and lowest stability of the PS-oligo i-motif
1993). In our present CD spectroscopical measurements, astructures, respectively. It was also determined that the
Cotton effect indicative of i-motif formation appeared for i-motif structure of the§,.S,S, diastereoisomer was, however,
PS-dG over the 16-50 uM strand concentration range at less stable than that of PO-gCAlso, the i-motif stability
pH 4.5 and (°C (Figure 1c). This observation is consistent of the random mixture of all eight diastereoisomers of PS-
with the previous result mentioned above. The data showndC, was between those &S,S andR,R,R,. This trend is
in Figure 4c also show that the i-motif structure of PS;dC consistent with that reported previously for the stability of
collapses below 1uM. Consequently complete i-motif  PS-oligo/DNA duplex (Kanehara et al., 1996a; Koziolkiewicz
formation of PS-d@ requires at least ca. 1M strand et al., 1995; LaPlanche et al., 1986; Stec et al., 1995; Stein
concentration. Thus, similarly to the previous results for et al., 1988). Consequently, P-chirality of the phospho-
C-rich PO-oligos, it is evident that PS-gl€an form the rothioate linkage is a predominant factor for the folding of
i-motif. PS-dG as well as for the duplexes between PS-oligo and
The thermal dissociation CD profile obtained for PS;dC DNA.
(Figure 1b) indicates that this i-motif structure is stable below  Thermal Stability of i-Motif PS-d& Structure. One of
10 °C at the strand concentration of 281 and destroyed  the interests of this study is to see whether PSgierates
above this temperature. This observation is consistent with a stable i-motif structure under physiological conditions. For
the result reported for C-rich PO-oligos previously (Leroy this purpose, we employed a larger sample, P&:d€or a
et al., 1993; Manzini et al., 1994). In a recently published diastereomeric mixture of PS-d¢X6 uM), preliminary CD
paper (Mergny et al., 1995), it has also been shown that in measurements performed at 0 and°g€5in the absence of
the UV spectrum of i-motif-forming C-rich PO-oligos saltindicated great improvement of the stability of its i-motif
[d(CCTTTCCTTTTCCTTTCC), etc.], the absorbance in- (data not shown). This tendency is consistent with that
creases at 265 nm and decreases at 295 nm with increasingeported previously for PO-dgwhose i-motif is stable even
temperature and that this behavior is indicative of thermal at pH 6.0 and 25°C (Manzini et al.,, 1994). Then,
dissociation of the i-motif structure: Note that for some measurements were performed at the elevated temperature
other samples such as d(TCCTCCTTTTCCTCCT), such of 37 °C in the presence of 0.9 wt % NaCl. The pH was
characteristic wavelengths were slightly shifted from 275 and varied. As represented in Figure 4a, i-motif formation was
305 nm to 265 and 295 nm, respectively (Mergny et al., determined below pH 5.0. This result suggests that i-motif
1995), thus implying that the appropriate observation wave- of PS-dGo is not sufficiently stable under normal physi-
length is dependent on the sample. A similar temperature- ological conditions, although it may be formed under rather
dependent UV spectral change observed in the presentphysiologically extreme conditions such as in lysosomes,
investigation for PS-deCat pH 4.5 (Figure 2a) led to the whose internal pH is estimated to be slightly acidic. At pH
respective sharp increase and decrease in the absorbance 4t5, the effect of the strand concentration on the stability
275 and 305 nm, thus indicative of i-motif formation. From was also studied and even a low strand concentration of 0.5
this plot, theT,, value was estimated to be ca. IQ at the uM led to the i-motif construction (Figure 4b). In this result,
strand concentration of 28V, which is equivalent with the  the intensity of the molar ellipticity was, however, identical
value obtained by CD spectroscopy. The UV study at a between the spectra above this concentration. This unex-
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pected behavior can be explained to be coincidental, becaus®f the effect of P-chirality upon the supramolecular structure
CD thermal dissociation profiles obtained at strand concen- of oligocytidine phosphorothioates.

trations of 2 and 7uM were dependent on the strand |, symmary, as mentioned above, it is evident that PS-
concentration (Figure 4c). In this thermal dissociation plot, dG, can form an i-motif structure similarly to C-rich PO-
?end:ge:ﬁ]nt L'r?e ;shapi:as rOf thrfsde tv:FgVicurvles t?:ie sr,r(]aen.b oligos, that its stability depends on pH, temperature, sample
onsigering the resuits reported previously, this may econcentra’[ion, and concentration of salt present in the
explained reasonably by the speculation that intermolecular . . . .
) S X . . solution, and that th&, configuration of the phosphorothio-
interaction is predominant at higher strand concentration ate linkage destabilizes the structure. The stability was also
while intramolecular folding dominates at lower concentra- found t g ith an i ;‘th hai Iy th PS
tion. If this is the case, the curve obtained atM is typical ound toincrease with an increase ot the chain length. )
dCy i-motif was found to be stable even at low strand

of intermolecular association and that at @4 is typical X >
of intramolecular association. The curve producedabe ~ concentrations at pH 5 and 3T in the presence of 0.9 wt

may involve the contribution of these two different associa- % NaCl.
tion modes, because this curve is analogous to that produce
at 0.5u4M and shifted to highefy,. %EFERENCES
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