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ABSTRACT: NMR analysis of d(GT) showed the slow exchange between two distinct tetramers (each
fully symmetric) in solution. For one tetramer, NOE cross-peak patterns characteristic of an i-motif structure
(H1'—H1' and H6-H1'/H1'—H6) were observed between C1 and T5, indicating that this tetramer takes
a completely intercalated conformation where the T5 residue is stacked on #8&'Gdair of the other
duplex &form). The other was found to be a tetramer in which one of the duplexes is shifted by one
nucleotide unit R-form), resulting in nonstacking' &nd thymidine residues and an equal number of
stacked GC* pairs to that of th&&form. The same spectral features were observed fofTg(Qut neither

for d(TGs) nor d(TC), indicative of the critical role of the position of the thymidine residue in the tetrad
isomerization. From NMR denaturation profiles, tBdorms were found to be more stable than the
R-forms, and the linear relationship between the logarithm of the equilibrium congtant[{etramer]/
[single}) and the inverse of temperatureLivas confirmed for both forms, indicating conformity to the
two-state transition model. Both enthalpy and entropy values of the formation &fthren from four
single strands were more negative than those oRtfierm. The enthalpy term should contribute to the
stabilization of theS-forms at low temperatures. The difference of the free energy vah@§(5-form)

— AG°(R-form)] was found to be-2.1 and—2.7 k3mol~* at 20°C for d(C,T) and d(GT), respectively,
explaining the higher stability of th&forms. With increasing temperature, these two topologies were
found to comparably exist at equilibrium in solution with slow exchange via dissociation to the single
strands. A biological role of this topological isomerization is also suggested.

For almost 3 decades, it has been known that nucleic acidsper tetramer, and a single line can be observed for the imino,
containing stretches of cytidine residues can form parallel H6, and methyl signal of T1 although the tetramer molecule
strands held by cytosine-protonated cytosine base pairs (C contains four thymidine residues. The same spectral features
C*) (Figure 1a) {—4). Recently, NMR analysis carried out were observed for d(TC,4), d(5mCCT) (5mC, 5-methyl-
for d(TGCs) at pH 4.3 showed unusual interresidue sugar cytidine)! and so on§, 11).
sugar NOE cross-peaks between'HH1', which are not Recently, it has been reported for some C-rich oligode-
detected for a conventional DNA duplex, ©). This unique oxynucleotides that isomeric conformations of the i-motif
structure of such C-rich oligodeoxynucleotides has been exist in solution. For instance, d(T5mCC) forms two
identified as a four-stranded complex, hamely, i-motif (Figure tetramers in comparable proportions in solutidd)( The
1b). In this structure, two base-paired parallel-stranded existence of at least two intramolecular i-motif isomers was
duplexes are associated, their base pairs are fully intercalatedalso reported for CCC-repeat sequences, d[(CCCEBAL]
and the relative orientation of the duplexes is antiparallel. (10) and d(CCCTCTCCTTTTTTCCCTCTCC)L{). The
Crystallographic data on d¢fand d(GT) also confirmed recent study on d(5mCCTCC) showed two intercalated
the four-stranded folding’( 8. Not only an intermolecularly ~ nonequivalent symmetrical duplexd$). Because of these
but also an intramolecularly folded i-motif was reported for findings, the conformational heterogeneity of i-motif struc-
several oligodeoxynucleotides which has CCC-repeat se-tures has attracted a great deal of considerable attention.
quences§—13). Furthermore, regarding basic properties of the formation

The previous NMR investigations on the structure of of isomeric i-motif conformations, it has been suggested for
d(TC) (n= 2, 3, and 5) showed that the four single strands d(C,) (h = 2—5) (10, 1) that the intercalation manner of
forming the i-motif structure are equivalent on the NMR time the i-motif gives two possible arrangements of fully inter-
scale b, 6, 11). For example, the number of the cytidine calated tetramers, with eithef 8r 5 end cytidines being
imino peaks is equal to that of the consecutive cytidine located outside stacked-C" pairs. However, because of
residuest), the total area of the cytidine imino peaks is 2  poor resolution of the NMR spectra or of a small fraction of
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FiIGURe 1: (a) Chemical structure of the-C" base pair. dR
indicates a deoxyribose moiety. Schematic drawings of NMR-
observable i-motif topologies of (b) d(TjCand (c) d(GT): R-form
(left) and Sform (right). Cytidine and thymidine residues are
symbolized by open and closed circles, respectively. Eiglt'C

base pairs are formed in the parallel duplexes for all the topologies,

indicated by double lines between open circles.

the total amount, the equilibrium between the two arrange-

ments has not been investigated in detail, and the obvious

energetic difference has not been reported at all.

In the present study, therefore, we explored short natural

type oligodeoxycytidines, d(T) and d(TG) (n = 3 and 4),
by NMR spectroscopy to see if isomeric i-motif conforma-

tions can exist for these oligomers. Based on the results

obtained, it was evident for the first time that the unmodified

Kanaori et al.

Co., Japan) using jacketed quartz cells with optical path
lengths of 1 and 0.1 cm. The CD-cell temperature was
regulated by circulating ethylene glycol/water mixture in the
jacket whose temperature was controlled by an RTE-100
thermostat (NESLAB, Japan). After each temperature
change, samples were allowed to stand for 20 min for the
next measurements. The samples were premelted &€ 80
prior to the measurements to destroy secondary structure and
then allowed to thermally equilibrate.

Gel Filtration Chromatography.Gel filtration chroma-
tography was performed using a CCPM-II pumping system
coupled with an SC-8020 system controller and a UV-8020
detector (Tosoh, Japan). The samples were annealed by
heating the sample at 8€ and cooled slowly down to the
room temperature. The column used was TSK-G3000SW
(10 um, 8 x 600 mm). Other chromatographic conditions
are as follows: sample size, 30 (100 uM); eluent, 20
mM acetate buffer (pH 4.5) containing 100 mM NacCl; flow
rate, 0.6 mL/min; detection, 280 nm; temperature, ambient.

NMR MeasurementsNMR samples were prepared in 20
mM acetate buffer (pH 4.5) containing 100 mM NaCl in
D,0O. The strand concentration was 10 mM unless otherwise
stated. The sample in an NMR tube was premelted at 80
°C prior to the measurements and then stored at various
temperatures. Attainment of the equilibrium among single-
and four-stranded components was confirmed by measuring
the time course of one-dimensional (1) NMR spectra.

All the NMR spectra were recorded on a Bruker ARX-500
spectrometer. For resonance assignments, DQF-CQ8Y (
19), HOHAHA (mixing time 40 ms) 20, 21), and NOESY
(mixing times 200 and 350 msP2, 23 were performed
according to the time-proportional phase incrementation
method R24). For the accurate evaluation of NOE cross-
peak intensities, a NOESY spectrum was acquired by
applying a short mixing time of 50 ms. The two-dimensional
(2D) NMR measurements were carried out at i0.
Exchangeable protons were partly assigned in 90%/H
10% D,O by jump-and-return NOESY26) at 5 °C.
Chemical shifts were referred to internal sodium 3-(trimeth-
ylsilyl)propionate?2,2,3,3-d.

Analysis of Thermodynamic ParameteiGoncentrations

C-repeat oligodeoxynucleotides containing thymidine residue Of single- and four-stranded components were determined

at the 3 terminus, d(GT), can take two distinct tetrad
conformations whose intercalation topologies are different

by integrating corresponding peak areas of 1D spectra
measured with 45pulse (5us), long delays of 10 s, and 32

from each other (Figure 1c), and thermodynamic properties Scans. The equilibrium constakit (=[tetramer]/[single])

of the two i-motif structures were also obtained to discuss

can be written a& = 0/{4C,3(1 — 6)*} (0 is the fraction of

the factors governing the occurrence of the isomeric topolo- folded oligodeoxynucleotide, and, is the total strand

gies.
MATERIALS AND METHODS

Sample Preparation.DNA oligomers, d(GT), d(GT),
d(TG), and d(TG), were purchased from Cruachem (Kyoto,
Japan) or Greiner Japan (Kanagawa, Japan) and purified b
reversed-phase liquid chromatography (RPLC) as previousl
described 16). The purity of the oligomers was checked
by RPLC and'H NMR. The strand concentrations used in

the following measurements were estimated using the extinc-

tion coefficients at 260 nm which were calculated by the
nearest-neighbor method?).
CD SpectroscopyCD spectra were measured over 200

concentration).K was determined at each temperature from
the denaturation profiles in the range of 0.1-0.9. If the
dissociation of the tetramer to the single strands conforms
to the two-state transition model, linearity (correlation
coefficient = 0.998) should be obtained between the
logarithm of K and the inverse of temperature. Enthalpy

Yand entropy values were determined by a slope and an
yy—intercept of the plot of Ir) and 1T on the basis of the

equation: InK) = —(AH/R)«(L/T) + (ASR).
RESULTS

Evidence for Formation of i-Motif Structure by CD
Spectroscopy and Gel Filtration Chromatograph$pecific

350 nm on a J-720 spectropolarimeter (Japan SpectroscopicCotton effect appearing in CD spectra of C-rich oligode-
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oxynucleotide is informative of protonated and nonprotonated H6 protons 3k T CHs

cytosine base pairin@6, 27, and an enlarged positive peak i

with red shift and a concomitant negative peak are indicative (C) ﬁ K (T5)

of the i-motif structure ). When this structure collapses, 55 " | ~

this positive peak is lowered with blue shift and simulta- ‘ﬂ }ﬂ ,'\ j

neously the negative peak disappears. A \\ﬁﬁ/}\ L\“
First, pH-dependent CD spectroscopy was carried out for ]

d(CsT) (45uM) at 0°C. This sample showed both the 288- 45 JM ) A j‘

nm positive and 265-nm negative peaks in the pH range of 4/ Ui o j\ U

4.0-5.0, while at higher (pH> 5.0) and lower (pH< 4.0) ’ '!

pHSs, the positive peak decreased with blue shift to 282 nm 40 ‘b u N“_ Nﬂ‘ | } N

and the concomitant negative peak disappeared (Supporting o i ”\W) L* T

Information). Temperature-dependent CD spectroscopy was il

performed for d(GT) at pH 4.5 in the temperature range of 30 iy M\ A } \

0—60 °C. Both the positive and negative peaks appeared L . U v UJ I

below 10°C and became smaller as the temperature was e o /F3,4 TS T5)| 65

elevated. Thermal stability was concentration-dependent, 5 Cl /\ 7 J‘ \“'3 5 L /\U\

which allows us to confirm the intermolecular interaction ) \Uc\zf& AN

(data not shown). T
To confirm whether tetramers were formed, gel filtration 80 {Ppm) e 18 g

chromatography of d({T) was carried out. As references, . .c2: Temperatur ndence of IDNMR ra of H
d(T), d(T2), d(Ts), d(T12), d(T20), d(Ts0), and d(o) were arfc;J T5 CHT)roFt)gna:gg?o%egs d((jé]' )C%OD?OE). Cond?tpi)gr%:asc,)tran%
taken. The chromatogram of d(0) gave two peaks. The concentration, 10 mM; pH, 4.5. Capital letters (€15) and small
second eluted peak was assigned to the single strand by théetters (ck-t5) represent residues of th&form and R-form,
calibration curve obtained by using the reference molecules. "espectively. Asterisks indicate peaks of the disordered single strand.
The observation of only one peak for multimers (the first 3 2,3 123
eluted peak) indicates that there is no significant difference Cg 4 C2,3,4 c1 ccz’s 4
in the molecular size between the major and minor compo- \’ t5T5 | o
nents. The molecular size of the d{J tetramer determined 5 4 T
by the calibration plot was equivalent to dgJ This is \

|

2

Cl1 C
v - ~yelled \
probably because the i-motif does not take an extended JY/

‘ cl
U
structure like d(F) oligomers but a compact packed structure
(c)

|
¢

with the slower elution. T
Temperature Dependence of 11 NMR Spectra of @ Gy @9
d(C,sT). At varied temperaturessH NMR measurements
were carried out for d((I) at the strand concentration of
10 mM at pH 4.5, and the resulting spectra are depicted in
Figure 2. The left parts (7.408.10 ppm) of the figures are
regions for H6 protons, and the right parts (12494 ppm)
are those for T5 Cklprotons. Each 1D spectrum was
collected after the attainment of equilibration. In the
temperature range of 25 °C, three peaks were observed
in the T5 CH region (e.g., 1.81, 1.83, and 1.88 ppm at 30
°C), and the signal at 1.88 ppm was assigned to T3 &fH
the disordered single strand, because at high temperatures " g ' Y
(>55 °C), only this peak appeared and the others disap- F2 (ppm)

peared, and also because the chemical shift of this peak wag; jre 3: NOESY spectra of (a) T5 GHHS, (b) HI/H5—H6
independent of the temperature change. Below@Qthe (c) T5 CHs—H1'/H5, and (d) HYH5—H1'/H5 regions of d(GT).
single-stranded component was scarcely observed. Capital letters (CET5) and small letters (c1t5) represent residues

With decreasing temperature, the T5 QOpeaks at 1.81  of the Sform andR-form, respectively. Intraresidue NOE connec-

; - tivities between Hland H6 in panel b are indicated by residue
and 1.83 ppm were shifted upfield, such as 1.77 and 1'81names, and interresidue NOEs are indicated by hyphenated residue

ppm at 15°C, respectively. The signal intensity of these names in panels a, ¢, and d. Mixing time of spectrac avas 350
peaks showed different temperature dependence. Withms, and that of spectrum d was 50 ms.

decreasing temperature, the intensity of the former peak

increased up to 35C and then decreased, while that of the ~ Resonance Assignment of (¢ To assign the signals
latter showed a constant increase. Analogous temperatureof d(CsT), 2D *H NMR spectra (DQF-COSY, HOHAHA,
dependency was also clearly observed for some peaks in theand NOESY) were measured at 40 where no peaks were
H6 region. As shown shortly, detailed analysis of 2D NMR observed for a single-stranded d{§. The NOESY spectra
spectra gave the conclusion that all the cross-peaks fell intoobtained are shown in Figure 3. Peaks of T5;Git|1.81

two complete sets. So far here, therefore, these two peakppm and H6 at 7.52 ppm were connected by a NOE cross-
sets seem to be attributed to some ordered structuregeak as well as those of T5 Gt 1.77 ppm and H6 at 7.57
generated by inter- or intramolecular interaction. ppm (Figure 3a). Hence, both peaks at 7.52 and 7.57 ppm

4-t= -tS
c% cb (i 5 -1.8

C4-T5 CI-T5 CI-TS
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were assigned to T5 H6 protons. By analysis of the NOESY perature change, as shown in Figure 2. Therefore, all the
and HOHAHA spectra, most of the deoxyribose protons of present NMR results support the assumption of two distinct
T5 were found to show two distinct peaks, although some tetramers (each fully symmetric) which exchange slowly on
signals were completely overlapped, for examplé, sitjnals the NMR time scale.
at 6.29 ppm. The imino proton of T5 showed two peaks at Major Tetramer Conformation of d¢T). For the major
11.21 and 11.26 ppm, both of which were also connected set, the NOESY cross-peak pattern showed interresidtie H1
by NOE cross-peaks with T5 GHsignals at 1.81 and 1.77 H1' cross-peaks (Figure 3d) and interresidué-+H6 cross-
ppm, respectively (data not shown). Thus all the protons of peaks occurring in both directions’ (® 3 and 3 to 5),
T5 residue could also be classified into two groups. so-called ‘rectangular’ pattern, between T5 and C1 residues
For the cytidine residues, the resonance assignment of thgFigure 3b). The former was observed even in the NOESY
H6, H5, and H1protons is shown in the 1D spectra of Figure spectrum with a short mixing time of 50 ms, and the latter
3. The assignment of C1 deoxyribose and base protonswas seen only in the NOESY spectra obtained with long
started with the most upfield-shifted C1 #35" protons, mixing times. This trend was reported previousk).(
and was unambiguously accomplished by using DQF-COSY, Although all the H1—H1' cross-peaks were not separately
HOHAHA, and NOESY spectra. For the protons of the C4 observed on account of overlapping of the'Hihd H6
residue, the assignment was successfully carried out on theprotons of C2, C3, and C4 residues, the topology of the major
basis of the cross-peaks with the T5 £ptotons (Figure  component would be the fully stacked, ‘standard’ i-motif
3a,c). For C2 and C3 protons, their exact chemical shift topology, hereafter calle&form (right in Figure 1c). In
values were not completely defined because of severe signathe Sform, the T5T5 base pair is stacked on the C1
overlapping; however, their approximate positions could be pair of the other duplex, which is indicated by the cross-
estimated as shown in the 1D spectrum of Figure 3. peaks between the C1 amino protons and the T5@@btons
Consequently, all the protons were found to exhibit two (Figure 3S in Supporting Information). Weak sequential
distinct peaks, and thus, these signals could be classified intoNOE cross-peaks were observed for the d)CSform in
the two peak sets. the NOESY spectrum obtained with a long mixing time of
The intensities of the well-resolved T5 H6 and $ignals 350 ms (Figure 3b), such as C1 HIC2 H6, C4 H1-T5
were good markers for the proportion between these two peakH6. Such a weak sequential cross-peak was also previously
sets. One peak set represented by the T3 4k at 1.81 reported for d(TG) (5). These sequential cross-peaks should
ppm is, hereafter, referred to the major set, while the other be partly due to spin diffusion effects because these cross-
by the T5 CH peak at 1.77 ppm is the minor set. At 10, peaks were not observed in the NOESY spectra obtained
the peak ratio (major/minor) was about 4 for both of the T5 with a shorter mixing time (data not shown).
H6 and CH signals. For all other nicely separated peaks, Minor Tetramer Conformation of d(T). Compared to
the same ratio was obtained. The ratios were changed as dhe results for the major set, for the minor set, thé +H41'
function of temperature as shown in Figure 2, suggesting cross-peak and rectangular pattern of NOESY cross-peaks
the equilibrium between the two peak sets. Another remark- were not observed between T5 and any cytidine residues. It
able finding is that no NOE cross-peak was observed betweenwas also found that the internal and external amino protons
the major and minor peak sets at all, indicative of the slow of the C4 residue of the minor component did not show any
chemical exchange of these two groups on the NMR time cross-peaks with the HH2" protons and the T Ckrotons
scale. (Figure 3S in Supporting Information). On the contrary,
Evidence of Two Distinct Tetramers of d{J. In the sequential NOE cross-peaks connectivities between C4 and
NOESY spectra, features typical of the i-motif such asH1  T5 were observed as is seen in conventional DNA duplexes,
H1' (Figure 3d) and amineH2'/H2" cross-peaks (Figure 3S  such as C4 H:-T5 H6 and C4 H6/H5-T5 CEl(Figure 3a-
in Supporting Information) were observed for both peak sets. ¢). The chemical shifts of H5, H6, and Hprotons of C2
Additional supporting data for the i-motif formation were and C3 were almost identical between the major and minor
obtained by the chemical shifts of the internal amino and peak sets, while those of the C4 residue of the minor
imino protons of cytidine residues. In both peak sets, the component differed from those of the major component.
internal amino protons appeared in the low-field side 0f9.0 These facts indicate that the minor component consists of
9.3 ppm and the imino protons in the range of 1515.8 the two antiparallel duplexes, one of which is shifted to 3
ppm (data not shown), indicating that all the cytidine residues direction from the position of th&form and the other by
are part of hemiprotonated base pabs€, 1). These NOE one-base sliding where the thymidine residue is located on
cross-peaks and chemical shifts indicate that both of the peakhe periphery of the stacked-C" pairs (left in Figure 1c).
sets arise from the i-motif structures. Accordingly, there Hereafter, this unusual ‘rare’ structure will be calRdorm.
exists possible assumptions that the two peak sets arise fronThis unusual i-motif topology has been previously proposed
slowly exchanging two i-motif conformers or a single for one of the two tetramers of d(T5mCC)1j.
nonsymmetrical i-motif. NMR Study on Other Analogous Sequenc8snilar 1D
If the latter is the case, some NOE cross-peaks should beand 2D NMR measurements were performed for;@jC
observed between the major peaks and the minor peaks. AgI(TG;), and d(TG). A NOESY spectrum of d(€I) mani-
stated before, however, no single NOE cross-peak wasfested that d(eT) takes two i-motif topologies similar to
observed between the two peak sets even with a long mixingthose of d(GT), Sform (the major peak set) ang-form
time of 350 ms. These facts can rule out the single (the minor peak set). (Note that the NOESY spectrum and
nonsymmetrical i-motif interpretation. Moreover, the pro- temperature dependence of 1B NMR spectra of d(gT)
portions of the corresponding peaks between the major andare supplied in Supporting Information.) Although chemical
minor components were continuously altered by the tem- shifts of each cytidine H6 proton were severely overlapped
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and “R” (R-form).
Temperature (‘'C}
between the major and minor sets, T4 H6 and methyl protons 25
were separated sufficiently for determining tetrad topologies (¢)
and their populations. Chemical shifts of the thymidine base
protons resembled to those of d{Q. The T4 H6 proton 207
of the major component was shifted upfield while the methyl
signal downfield, compared to those of the minor component.
For d(TG) and d(TG), only theSform was observed (data
not shown), which is consistent with the previously reported
results on d(T¢) (6). In this topology, the TAT'1 base pair 15—
is stacked on the'&nd GC* pair of the other duplex (Figure 80 82 54 88
1b). Thus it was concluded that tReform was not observed 1081 (K1)
for d(TG,) by NMR spectroscopy although d(D takes the Ficure 5: Denaturation profiles of (a) d¢T) and (b) d(GT) and
two different i-motif topologies. The equilibrium between (c) plots of InK) versus 1T for d(C,T) and d(GT) tetramers. Closed

the Sform and R-form is considered to exist for d(FL and open marks indicate ti8form andR-form tetramer fractions

. . . of d(C,T) (circles) and d(€T) (triangles), respectively. Square and
whose chemical structure is almost similar to that ofd(C diamond marks indicate the single-stranded fractions of B(&nd
and thus the amount of the d(f)d&R-form would be too small  ¢(c;T), respectively.

to be observed by NMR spectroscopy.

Equilibration Time of S- and R-formsThe equilibrium Thermodynamic Parameters of S- and R-FormEBo
between thes and R-forms of d(GT) took a long time at estimate the i-motif stability of d({T), denaturation profiles
low temperatures. In the present study, therefore, we of the S andR-forms were obtained for d¢T) and d(GT)
measured temperature dependence of the signal intensitypy plotting the change of the peak areas in the 1D NMR
below 30 °C where the amount of the single-stranded spectra against various temperatures (Figure 5). The peak
component is small{5%): Note that a conversion between areas of T5 Chland H6 signals were used as markers for
each tetramer and single strands dominates equilibrium, asestimating the populations of ttf& andR-forms. Apparent
shown shortly. The sample was heated at €D and melting temperaturesTf) of d(C,T) and d(GT) were
immediately cooled to the specific temperature, and then 1D determined by summing the two tetrad components and
IH NMR spectra were obtained as a function of time until comparing the sum with the fraction of the single strand.
the equilibrium was attained. The spectrum obtained im- The T, values obtained were 49 and 32 for d(C,T) and
mediately after the quenching procedure exhibited the 1:1 d(CsT) at the concentration of 10 mM, respectively. Dena-
population for the two sets; then gradually the population turation profiles of d(TG) and d(TG) were also examined
ratio of the major to the minor became equilibrated according in the same condition: 10 mM strand concentration, 20 mM
to the given temperature (Figure 4a). The equilibration, for acetate buffer, 100 mM NaCl, pH 4.5. THe, values
instance, took abd h at 25°C and 30 h at 20C. Below obtained for d(TG) and d(TG) were 55 and 43°C,

20 °C, the conversion between the two topologies was very respectively. The latter value was almost identical to that
slow, and the establishment of the equilibrium at 1% of the previously reported valué){ These results demon-
needed more than 3 days in this experimental procedure; thestrate that d(T¢) forms a more stable tetramer than g
final ratio of Sform/R-form was 2.9 (open triangle in Figure  All the T,, values were concentration-dependent, indicating
4b). On the other hand, for d§T), the equilibrium between  the intermolecular i-motif formation (data not shown).

the S and R-forms was reached more rapidly, probably  With a decrease in temperature, Bérm topology was
because of the existence of an NMR-observable amount offound to become more favorable for both d{and d(GT).

the single-stranded component even below 0 For instance, the proportions of t&gorm to theR-form of

d(CaT)

In (K)

d(CsT)
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d(G,T) and d(GT) were about 4 and 8 at IC, respectively.
The reason for this preference of tlsform was studied

Kanaori et al.

it should be noted that the NMR-observable dglamotif
has been already assigned to tBdorm in the Results

thermodynamically. To obtain thermodynamic parameters, section. It is reasonable that d(J)Ghould also exist in the

In(K) was plotted against Tfor both the tetramers of d(T)
and d(GT). The plots yielded straight lines for all four
tetramers (all the fitting coefficients 0.998), indicating the

equilibrium between the two topological structures. |If this
is the case for d(Tg}, the fact that we observed only the
Sform indicates that the energy difference between the two

two-state transition model between each tetramer and thetopologies of d(TG) should be large, much larger than the

single strands: Note that previously, the two-state transition values for d(GT).

On the other hand, for d¢T), the

model has been adopted successfully for explaining the stability is rather comparable between the S- &afibrms

denaturation profile of the i-motif, 10, 14. According to
the method described in Materials and Methatlsl® and

since the free energy differences between both the forms were
estimated to be as small a2.1 and—2.7 kIJmol™* at 20

AS’ values were determined for both topologies of the two °C for d(GT) and d(GT). Itis likely that this small energy

oligomers. On the basis of the two-state transition model,

both AH®° and AS’ values of the formation of th&form

difference resulted in the observation of the isomeric i-motifs.
This small free energy difference between the two i-motif

from four single strands were found to be more negative topologies may be caused by the destabilization of the

than those of th&-form: For d(GT), AAH®° = AH°(Sform)
— AH°(R-form) = —11 kImol~! andAAS’ = AS’(Sform)
— AS(R-form) = —30 k3K ~*-mol, and for d(GT), AAH®
= —30 kImol™* and AAS* = —93 kJKt-mol~* with an

Sform, based on our current observation that Thevalue

of the d(GT) tetramers was much lower than that of the
NMR-observable d(Tg) tetramer, by about 11 and°€ for

n = 3 and 4, respectively.

error of about 10%. Thus it is deduced that the enthalpy  Generally the i-motif stability of d(Tg) or d(G,T) can be

term contributes to the stabilization of ti8forms at low

attributed (1) to hydrogen bonding between cytosine and

temperatures, while as temperature increases, the entropyrotonated cytosine, (2) to base stacking betwedt’ Qairs

term takes part in the stabilization of tieforms. The

or between @t and TT pairs, and (3) to intermolecular

differences of the free energy between the major and minorvan der Waals contacts between the deoxyribose moieties

topologies AG°(Sform) — AG°(R-form)] were also esti-
mated to be-2.1 and—2.7 k3mol~* at 20°C for d(CT)
and d(GT), respectively. This result indicates that the
energetic difference between tBeand R-forms of d(GT)
was smaller than that of d¢T) and that the increase in the

of the antiparallel strands in the narrow groove of the i-motif.
The number of the hydrogen bondings formed in th€C
pairs is @ for both the d(GT) and d(TG) tetramers. The
numbers of the base stacking@—C-C* and GC*—T-T
are (h — 1) and 2, respectively, for both the d{ and

number of consecutive cytidine residues results in the d(TC,) Sforms. However, for the d(T¢} tetramer, not only

increase in the proportion of tHe-form.

DISCUSSION

From the present NMR study on d{D and d(GT), it
can be pointed out that two i-motif structuresform and
R-form (Figure 1c), exist at equilibrium in the solution of
d(C.T). In 1993, the i-motif was first discovered in the
structure of d(TG) in an acidic solution §), and it was

demonstrated that this unique structure is built on sym-

the T1T1 base pair can stack on ther3{(1)-C(n+1) base
pair, but also the deoxyribose moiety of T1 could make some
van der Waals contacts with that df@(n+1), as suggested

by the interresidue NOEs of HtH1', H1'—H2", and H1—

H4' (5, 17). These intermolecular van der Waals contacts
are considered to make the i-motif structure highly stable
(5). On the other hand, the van der Waals contacts between
deoxyribose moieties of T5 and C1 in the (¢ Sform

may be weaker than those of T1 and C5 in the gfSform,

metrical hemiprotonated base pairs formed by correspondingbecause of the following observations. The chemical shifts
residues of parallel strands. Then i-motif formation has also of T5 H2/H2" protons were degenerated for both the {I{C

been confirmed by NMR and X-ray crystallography for many
C-rich oligodeoxynucleotide®${-8, 11, 13, 25, 28 Through-

tetramers, but those of T1 HR2"" protons were separated
for the d(TG) tetramer. In addition, no NOE peak was

out such a number of elaborate investigations, almost all theobserved between C1 Hand T5 H2, although the NOE

i-motif structures determined so far were found to form a

peaks between C1 Hland T5 H1/H4' were observed.

single structure of a fully intercalated i-motif as represented These observations indicate that the deoxyribose moiety of
in Figure 1b or 1c (right), and the exception was only T5 weakly contacts with that of C1 in the opposite strand.
observed for C-modified oligonucleotides such as d(T5mCC) This assumption is supported by the reported i-motif
that takes a 1:1 mixture of tH&form andR-form in solution structures §, 11), which suggest that the' 3terminal
(11). This coexistence of the two topologies was ascribed deoxyribose moiety of T5 is supposedly sticking out and
by the authors to steric hindrance between two methylatedlocated outside the F%5 base pair. The small extent of
base pairs in the&sform of d(T5mCC). However, such the van der Waals contacts in tBdorm of d(G,T) may be
isomeric conformations have not been demonstrated forthe reason that the d{C) S-form is less stable than that of
naturally occurring C-rich oligodeoxynucleotides. The present d(TC,). Thus mutual geometry of the deoxyribose moieties

study on d(GT), therefore, demonstrates the first discovery
of the equilibrium between the two i-motif topologies of the
wild-type oligodeoxycytidine stretches, indicating that the
position of the thymidine residues is highly responsible for
the occurrence of the two topologies.

We should think next why the equilibrium between the
two i-motif topologies can be observable by NMR for d{¢
but not for d(TG). Before going into the detailed discussion,

in the narrow groove of the i-motif may affect the stability
of the i-motif.

Next, we discuss here the reason that$ferm is more
stable than th&form. TheR-form of d(G,T) possesses the
same number of hydrogen bonds and base stacking between
C-Ct pairs as th&-form (Figure 1c); however, in the-form,
the T(+1)-T(n+1) base pairs do not stack on theQZ pair
of the other duplex, hardly contributing to the stabilization.
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This unstacking of the'3nd T-T pair is probably reflected  ological conditions. A fragment of the C-rich strand of
by the less negative enthalpy values, compared to that oftelomeres (vertebrates anietrahymenp containing four

the Sform. Another reason for the observed enthalpic oligodeoxycytidine stretches has been reported to form an
destabilization of th&-form of d(GT) may be the absence i-motif by intramolecular folding at neutral pH.Q, 32. In

of the interstrand van der Waals contacts between C1 andaddition to this basic knowledge, the formation of a double
T5. However, the fairly strong sequential NOEs between hairpin with a T:G:G:T tetrad followed by an i-motif has
C(n) and Tp+1) of theR-form of d(G,T) indicate that the been reported recently for C-rich oligodeoxynucleotides, part
thymidine residue, T(+1), does not move freely in solution  of a DNA box in human centromerig satellite targeted by
but interacts with the @{ residue of the same strand. the centromere protein B3g), suggesting the involvement
Recently, it was reported that hydrophobic pairs such-as T of the i-motif in some functioning complexes. Although a
T placed at the end of DNA duplexes considerably stabilize protein which specifically recognizes the i-motif structure
the duplexes 29). The T(+1)-T(n+1) base pairs may has not been identified so far, it has been reported that a
stabilize theR-form of d(G,T) and, thus, partly contribute  HelLa nuclear protein binds to the single-stranded
to the small free energy difference between theand d(CCCTAA), telomeric motif 84) and that the C-rich strand

R-forms of d(GT). of telomeres may fold in vivo forming an i-motif stabilized
The i-motif conformation of d(€T) has been studied by by proteins and participating in recombination, meiotic
X-ray crystallography &. The coexistence of thB-form chromosome pairing, or other genomic procesd€s 25,

was not reported in the paper, and the crystal structure was28, 32, 3). Above-mentioned results on the intramolecular
the Sform whose CiC1* base pair is intercalated between i-motif are of interest because it is conceivable from them
T4-T4 and C3C3' base pairs. This result is probably due that the i-motif structure not only works as rigid structural
to favorable packing effects of th&form in the crystal. elements but also may regulate biological functions together
NMR measurement was also carried out for the {d)C  with the G-tetrad formation in the counterstrand and related
tetramer but did not suggest the coexistence of the two proteins. The structural diversity of the i-motif we have
i-motif topologies (5). We think that this is possibly  found in the present study may be added to such structures.
because the NMR measurement was conducted under condiSince it has been suggested previously that some C-rich
tions different from ours. For example, a mixed organic oligodeoxycytidines take a mixture of the intramolecular
solvent was used and temperature as low-&9 °C. An i-motif isomers (0, 36, it is probable that isomerization of
analogous sequence, d(5mCCT), in which T is attached tothe i-motif structures occurs in C-repeats in the telomere.
the B terminus did not show the coexistence of the i-motif The ratio of the i-motif isomers, if they are generated, could
topologies {1). This may be due to steric hindrance between be varied upon change of pH, temperature, and ionic strength
stacked 5m@&mCt pairs in theR-form. Consequently no  and possibly by interaction with proteins. If such equilibrium
research has yet been able to discuss the role of the attachebletween the isomeric i-motif takes place in vivo, it may
thymidine residue for the topological diversity. Inthe present function, for instance, as a switch for the interaction of the
study, we have found for the first time that the isomerization i-motif with proteins, G-tetrads, etc., thus further regulating
of simple unmodified C-repeats was characterized in relation and modulating the function in the replication and meiotic
to the position of the thymidine residue. This trend may be recombination processes.
useful for predicting the topology of longer C-rich oligo-
nucleotides. It has been already accepted that the i-motif SUPPORTING INFORMATION AVAILABLE
formation can be detected by various methods such as NMR,
CD, UV, Raman spectroscopy, gel filtration chromatography,
and so on§, 9-11, 14, 30. However, the coexistence of
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