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Solution structure and base pair opening kinetics of the i-motif
dimer of d(5mCCTTTACC): a noncanonical structure with possible

roles in chromosome stability

Sylvie Nonin, Anh Tuan Phan and Jean-Louis Leroy*

Background: Repetitive cytosine-rich DNA sequences have been identified in
telomeres and centromeres of eukaryotic chromosomes. These sequences play a
role in maintaining chromosome stability during replication and may be involved in
chromosome pairing during meiosis. The C-rich repeats can fold into an ‘i-motif’
structure, in which two parallel-stranded duplexes with hemiprotonated C-C+
pairs are intercalated. Previous NMR studies of naturally occurring repeats have
produced poor NMR spectra. This led us to investigate oligonucleotides, based
on natural sequences, to produce higher quality spectra and thus provide further
information as to the structure and possible biological function of the i-motif.

Results: NMR spectroscopy has shown that d(5mCCTTTACC) forms an i-
motif dimer of symmetry-related and intercalated folded strands. The high-
definition structure is computed on the basis of the build-up rates of 29
intraresidue and 35 interresidue nuclear Overhauser effect (NOE)
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connectivities. The i-motif core includes intercalated interstrand C-C+ pairs
stacked in the order 2*8 / 1-7* / 1*7 / 2-8* (where one strand is distinguished
by an asterisk and the numbers relate to the base positions within the repeat).
The TTTA sequences form two loops which span the two wide grooves on
opposite sides of the i-motif core; the i-motif core is extended at both ends by
the stacking of A6 onto C2-:C8+. The lifetimes of pairs C2:C8+ and 5mC1-C7+
are 1 ms and 1s, respectively, at 15°C. Anomalous exchange properties of the
T3 imino proton indicate hydrogen bonding to A6 N7 via a water bridge. The
d(5mCCTTTTCC) deoxyoligonucleotide, in which position 6 is occupied by a
thymidine instead of an adenine, also forms a symmetric i-motif dimer. However,
in this structure the two TTTT loops are located on the same side of the i-motif
core and the C-C* pairs are formed by equivalent cytidines stacked in the order

8*8/1-1*/7%7/ 2:2*.

Conclusions: Oligodeoxynucleotides containing two C-rich repeats can fold
and dimerize into an i-motif. The change of folding topology resulting from the
substitution of a single nucleoside emphasizes the influence of the loop

residues on the i-motif structure formed by two folded strands.

Introduction

Telomeres, the ends of ecukaryotic chromosomes, include
a DNA strand of short cytosine-rich repeats complemen-
tary to the repeats of the corresponding guanosine-rich
strand. These sequences play a role in maintaining
chromosome integrity and stability during replication. X-
ray crystallography [1] and NMR [2,3] spectroscopy have
established that the G-rich repeats can fold / vitro into a
four-stranded structure of stacked, planar G tetrads. It has
been suggested that such tetrads could be involved in the
association of chromatids during mitosis and meiosis, and
in the regulation of the telomerase activity [4].

The complementary C-rich strand can also adopt a four-
stranded arrangement [5,6]. Protonation at the cytidine N3

position allows the formation of parallel duplexes whose
strands are held together by hemiprotonated C-C* pairs
[7,8]. The intercalation in a head-to-tail orientation of two
duplexes containing C-rich repeats results in the forma-
tion of a four-stranded structure called the ‘i-motif’.

The i-motif may be formed by the intermolecular assem-
bly of four C-rich oligonucleotides, each containing one
stretch of cytidines [9-13], by two oligonucleotides each
containing two cytidine stretches [5,14], or by the intramol-
ecular folding of one oligonucleotide containing four cyti-
dine stretches [6,15] (X Han ez 4/., unpublished data].

Deoxyoligonucleotides with one cytidine stretch generally
form a single tetrameric structure. This is the case for



d(TCC), d(5mCCT) [13], d(S5mCCTCC) [16], dA(SmCCQC),
d(T5mCCC) (J-LLL,, unpublished data) and d(TCCCCCQC)
[9,17]. The NMR spectra of a single deoxyoligonucleotide
strand containing four repeats of the telomeric sequence of
vertebrate d(CCCTAA) and Terrahymena d(CCCCAA) [6]
display the NMR determinants of the i-motif, but the pres-
ence of more than one spin system per residue discloses the
existence of multiple conformations. Similarly, the poor
resolution of the NMR spectrum of an oligonucleotide
strand with four human centromeric repeats (CCATT)
suggests conformational exchange between several i-motif
structures (SN and J-LLL, unpublished data).

The length and composition of the loops connecting the
cytidine stretches may influence the folding topology and
stability of the i-motif. To investigate this problem, we
have studied several i-motif forming sequences, in which
the spacers between the cytidine stretches differ from the
natural ones.

In this work, we solve the solution structure of the i-motif
dimer of d(SmCCTTTACC). Cytidine methylation is not
a prerequisite to the i-motif formation, but a 5-methyl
cytidine (5mQC) at the 5'-end improves the spectral disper-
sion [13]. The well-resolved NMR spectrum shows that
this oligonucleotide forms a symmetrical dimer at slightly
acidic pH and a high-definition structure is obtained. The

dimer has a core of four intercalated C-C+ pairs and the
T'T'T'A spacers loop on each side of the core. Imino proton
exchange time measurements provide the base pair life-
times and give evidence for a water bridge in the loops

between T3 H3 and A6 N7.

The dSmCCTTTTCC) deoxyoligonucleotide also forms
an i-motif dimer, but the structure is different: the two
spacer loops are positioned close together on the same
side of the i-motif core. The comparison of the two struc-
tures suggests that the stacking of adenosine A6 on the
adjacent C-C* pair contributes to the stability of the
[dGmCCTTTACC)], dimer.

Results

Stoichiometry

The NMR spectrum of d(SmCCTTTACC) shows two sets
of peaks corresponding to two species in slow exchange on
the NMR time scale. The relative intensity of the two sets
of peaks depends on pH, temperature and concentration.
The spectrum which dominates at low concentration and
high temperature is ascribed to the single strand, the other
to a multimer (Figure 1). Based on the relative intensities of
the adenosine H8 resonances, at 8.39 ppm for the multimer
and 8.45 ppm for the single strand, the multimer concentra-
tion increases as the square of the single strand concentra-
tion (Figure 2): hence, it is a dimer. The dissociation
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(a) Exchangeable, aromatic and H1' proton
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50 ms after selective inversion of the water
magnetization shows the fast exchange rate of
the 14.52 ppm C imino proton and of the
11.6 ppm T imino. Inset: the dimer fraction, as

determined from the area of the 15.47 ppm
imino proton peak, is displayed versus pH.
Solution conditions: H,O 90%, pH 4.4,
T=-6°C, strand concentration 8 mM.
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constant is 3.5 x 10 M at 21°C. For a strand concentration
of 8 mM, the dimer is the main species between pH 3.3 and
pH 6.6 at 0°C (inset of Figure 1).

The stoichiometry was confirmed by gel filtration chro-
matography: the rate of gel filtration corresponds to that of
a dimer at a strand concentration of 5 mM, and to that of a
monomer at a concentration of 5 x 10-5 M.

Proton spectra and symmetry elements

Exchangeable protons

At —6°C, the proton spectrum exhibits two cytidine imino
proton peaks (15.47 and 14.52 ppm) and four couples of
amino proton peaks, disclosing the formation of two hemi-
protonated C-C* pairs (Figure 1). Each imino proton is
nuclear Overhauser effect (NOE)-connected to two dis-
tinct amino proton groups (Figure 3). This shows that the
two cytidines of each C-C+ pair are not equivalent. Three
thymidine imino proton peaks are detected between 10.8
and 12 ppm. All the cytidine and thymidine imino peaks
have the same areas. The rate of exchange with water of
the 11.90 ppm thymidine imino proton is particularly fast,
as shown by the spectrum recorded 50 ms after selective
inversion of water (Figure 1). The adenosine amino proton
peaks are identified by a strong NOE spectroscopy
(NOESY) cross-peak between two exchangeable protons
(cross-peak €6, Figure 3d). The observation of two distinct
adenosine amino proton peaks shows that rotation around
C6-N6 is much slower than in the monomer. The down-
field shift of the resolved A6 amino proton at 6.86 ppm in
a pH range close to the adenosine pK, pK, \j)=4.05 at
0°C, is attributed to protonation at the N1 position.

Dimer symmetry and folding

"The total correlation spectroscopy (TOCSY) and NOESY
spectra display only eight spin systems (Figures 3 and 4).
"This shows that the two strands are identical on the NMR
time scale and that the dimer has a twofold symmetry
axis. The three thymidine and the three cytidine spin
systems were readily identified by the methyl-H6 and
H5-H6 cross-peaks, respectively. A6 was identified by
the non-exchangeable peak at 8.39 ppm (HS8) and by the
slow longitudinal relaxation rate of H2. The 5mCl
residue was identified by the strong intraresidue NOEs
between the amino protons and the methyl group (cross-
peaks f1 and f'1, Figure 3b). The spin system of each
residue was identified (except for H5' and H5" protons)
by the standard patterns of intraresidue NOESY and
TOCSY connectivities ('T'able 1).

Characteristic NOESY cross-peaks provide evidence for
an i-motif structure: interresidue cytidine amino protons—
H2'/H2" (8, X, € and @, Figure 3b) and H1'-H1' cross-
peaks (0 and B, Figure 4d); and the strong intraresidue
H3'-H6 cross-peaks.
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NMR titration of the multimer versus monomer concentration of
d(5mCCTTTACC), as determined by the areas of their A6 H8 peaks. A
line of slope 2, corresponding to the formation of a dimer whose
dissociation constant is 3.5 x 10~4 M, is drawn through the data points.
The experimental conditions were D,0 99.9%, potassium phosphate
20 mM, pH 4.35, T=21°C.

Three families of structures can account for the formation
of a symmetrical i-motif dimer (Figure 5). Scheme (a) is
excluded because its paired cytidines are equivalent (see
above). Schemes (b) and (c) have the same i-motif core
formed by two identical 5mC1-C7* and two identical
C2-C8* pairs. The C-C* pairs are intrastrand in structure
(b) and interstrand in structure (c).

The i-motif core: proton assignment and intercalation
topology

The assignment of the spin systems was derived from the
NOESY cross-peaks characteristic of the i-motif (see
Materials and methods section). Due to the lack of
sequential connectivities within the i-motif, the proton
assignment procedure and the determination of the inter-
calation topology proceeded concurrently.

The NOEs between 5SmC1 amino protons and the 15.47
ppm imino proton (cross-peaks m and n, Figure 3c) iden-
tify the imino proton of the 5SmC1-C7* pair which is in
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NOESY spectrum of [d(EmCCTTTACC)], in
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e—DdMC1 CH,. (c) The cross-peaks
between the imino proton at 15.47 ppm and
the amino protons of 5mC1 (cross-peaks m
and n) and C7 (cross-peaks o and p)

¢ establish that the C:C* pairs are not
0 symmetrical. (d) The intraresidue cross-peaks
between internal and external amino protons
g_ are labeled ‘e’ followed by the residue
2 number. Solution conditions: 90% H,0-10%
D,0, pH 4.6, T=-7°C. The blue and the
green lines trace cross-peaks involving 5mC1
and C7 residues, respectively. The red and
the black lines trace some connectivities
involving C2 and C8, respectively.
Spectrometer frequency 360 MHz.
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turn connected to the amino protons of C7 (cross-peaks o
and p, Figure 3c). The reciprocal amino-H2'/H2" cross-
peaks connecting 5mC1 and C7 (cross-peaks & and X
between the internal amino proton of 5mC1l and C7
H2'/H2", and cross-peaks € and @ between the internal
amino proton of C7 and SmC1 H2'/H2", Figure 3b) char-
acterize the intercalation topology of the i-motif (Figure 6).
The distances derived from their build-up (2.86A for
5mC1 H4, —~C7 H2' and 3.43 A for C7 H4, ~5mC1 H2')
are too short for base-paired residues whose correspond-
ing distances are larger than 5.5 A. These NOEs disclose
the short interproton distances between the two adjacent
face-to-face opposed 5SmC1-C7* pairs. The observation of

amino—H2'/H2" cross-peaks between 5SmC1 and C7 implies
that the 5mC1-C2 and C7-C8 stretches run in opposite
directions across the wide grooves. The face-to-face inter-
calation of two 5mC1-C7+ pairs brings close together the
methyl group of 5mC1 and C7 HS which are connected
by a strong cross-peak (not shown).

The 14.52 ppm imino proton peak is assigned to the
imino proton of pair C2:C8*. Its fast exchange rate
(Figure 1) is consistent with the external position of this
pair, relative to SmC1-C7+. This leads to the stacking
order 2-8 / 1-7 / 1-7 | 2-8, in which the cytidines at the 3'-
end position of each C-C stretch occupy the external



positions of the i-motif core. At this stage, we still ignore
if the pairs are intra- or interstrand.

The C2 and C8 spin systems were identified by the H1'-
H1' cross-peaks with 5mC1 and C7, respectively (cross-
peaks o and B, Figure 4d). In addition, 5mC1 H6 shows a
weak cross-peak with C2 H1' (not shown), and the methyl
group of 5mC1 is NOE-connected to the internal amino
proton of C8 (cross-peak r, Figure 3b).

The TTTA stretch: proton assignment and folding

Proton assignment in the T'T'TA stretch starts from A6
HS8. The orientation of the A6 ring with respect to C2-C8*
is determined by the NOEs between A6 H2'/H2"/H1'/HS8
and C2 amino protons (cross-peaks yl-z1, y2-z2, y3-z3
and y4-z4, respectively, Figures 3b,d). Sequential con-
nectivities in the aromatic—-H1', H3" and H2'/ H2" regions
can be followed from A6 to T4 (Figures 4 and 6). Direct
NOE cross-peaks between A6 H8 and TS5 H6, between
T5 H6 and T4 H6, and between 15 CH3 and T4 H6
(cross-peak x1, Figure 4a), indicate a stacked arrangement

of A6, T'5 and T4 rings.

The last thymidine, T3, is identified by six direct NOEs
with C2 (Figure 6; cross-peaks x2 and x4, Figure 4). The
build-up rate of the weak NOE cross-peak between T3
H3 and A6 HS8 corresponds to a distance of 3.8 + 0.4 A.
This cross-peak and those detected between T3 sugar
protons (H4' and H1') and 'T'5 ring protons (cross-peak x5,
Figures 4c and 6) show that the T'T'T'A stretch forms a
loop. There are no NOE connectivities at short mixing
times between T3 and 'T'4.

"The structural family with intrastrand base pairs (Figure 5c)
cannot account simultaneously for the cross-peaks observed
between A6, T3 and C2-C8*, and those connecting the
residues along the T'T'TA stretches. This leaves us with the
structural family of Figure 5b, whose base pairs connect the
5mC1-C2 and C7-C8 stretches of two distinct strands. This
implies that the antiparalle] 5mC1-C2 and C7-C8 stretches
separated by the wide grooves belong to the same strand
and therefore that the T'T'TA loops span the wide groove.

Proton exchange

Cytidine imino proton exchange

At 15°C, imino proton exchange from 5mC1-C7+ is one
thousand times slower than from C2:C8* (1s and 1 ms,
respectively). The activation energies (Figure 7a) are 100
and 60 k] M-, respectively, for 5mC1-C7+ and C2:C8*. As
always in C-C+* pairs, imino proton exchange is not affected
upon addition of proton acceptors (e.g. H,PO,~ 0.1 M,
pH 6) and does not depend on pH.

Thymidine imino proton exchange
The similarity of the rates of exchange catalysis by
hydroxide (Figure 7b) and phosphate (Figure 7d) on the
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NOESY of [d(6BmCCTTTACC)], in D,O at 250 ms mixing time. NOE
cross-peaks between aromatic protons and: CH,/H2'/H2" protons (a),
H3' protons (b), H5 and H1' protons (c). The characteristic H1'-H1’
cross-peaks are displayed in (d): a, 5mC1 H1'-C2 H1'; B, C7
H1'-C8 H1'. Intraresidue cross-peaks are designated by letters
followed by the residue number: a, (H6-CHy); b, (H6/H8-H3'); c,
(H5-H®6) and d, (H6/H8—-H1'). The NOE connectivities between
aromatic protons and their own and 5'-flanking H1', H3' and H2' or
H2" protons are traced from A6 to T4. Sugar—base interresidue cross-
peaks in the TTTA loop are labeled: g, (A6 H8-T5 H1'); h, (T5 H6-T4
H1'); i, (A6 H8-T5 H3'); j, (A6 H8-T5 H2'); and k, (T5 H6-T4 H2").
Cross-peak x1 is assigned to (T5 CH,~T4 H6), x2 to (C2 H6-T3
CH,), x3 to (C1 H6-C8 H2'/H2"), x4 to (T3 H6—C2 H3') and x5 to
(T5 H6-T3 H1'). Solution conditions: 99.99 % D,O, pH 4.6, T= 7°C;
spectrometer frequency 600 MHz.

monomer and on T3, T4 and T'5 shows that the imino
protons of the thymidines of the T'I'TA loop are acces-
sible to the solvent. Between pH 3.5 and pH 7, imino
proton exchange from T3 is faster than from the



Table 1

Proton chemical shifts (ppm) of [d(5mCCTTTACC)],.*

Internal/external
Base H3 amino protons H6/H8 H5/H2/CH3 H1' H3' H4' H2" H2'
5mCH 15.47 10.03/8.11 7.84 1.99 6.43 4.76 4.04 2.46 1.91
C2 14.52 9.10/8.76 7.44 7.15 6.17 4.59 4.39 2.39 2.15
T3 11.89 7.92 6.42 4.90 4.41 2.39 2.39
T4 10.99 or 10.88 7.65 1.71 6.06 4.88 4.24 2.87 2.47
T5 10.88 or 10.99 7.37 1.77 5.99 4.86 2.43 2.12
A6 7.61/6.86 8.39 7.86 6.20 5.03 4.30 2.59 2.38
C7 15.47 8.85/8.24 7.65 5.80 6.36 4.66 4.22 2.04 2.38
Cc8 14.52 8.62/8.30 7.56 5.86 6.24 4.37 2.28 2.28

*Imino and amino protons (—7°C) and non-exchangeable protons (10°C) at pH 4.6.

monomer, indicating exchange catalysis by an intrinsic
proton acceptor (Figure 7c).

Structure analysis

The structure was computed using the simulated-anneal-
ing method [18] (as described in the Materials and
methods section; the interresidue distance constraints are
displayed in Figure 6). Figure 8 shows the distribution of
the constraints used for each residue in the computation.

We analysed the structure using 14 conformers selected
for their low NOE-related energy. All of the conformers
have the same intercalation topology and loop structure.
The root mean square deviation (rmsd), computed from

Figure 5

the pair-wise comparison of the conformers aligned on the
heavy atoms of the bases, is plotted for each residue in
Figure 8. The deviations from ideal geometry of the con-
former of lowest energy and the structure parameters are
shown in Tables 2 and 3, respectively.

The i-motif core

The core of the dimer is an i-motif formed of two strands
connected by four C-C* pairs and related by a twofold
symmetry. The stacking order is 2*8 / 1-7* | 1*7 | 2-8*
(where one strand is labelled by an asterisk). The C1'-C1’
distances in pairs C2:C8* and 5SmC1-C7* are 10.3 + 0.5 A
and 9.1 0.2 A, respectively. The structure has two iden-
tical wide grooves and two different narrow grooves

(©)

[dEmMCCTTTXCC),, X=AorT

are connected by gray arrows. One strand is
shown in red, the other in yellow. In model
(a), the loops are on the same side of the
structure and can span the wide groove (as
shown in the figure) or the narrow groove.
The strands of models (a) and (b) are held
together by interstrand C-C+ pairs, and those
of model (c) by intrastrand C-C* pairs. In
model (c) the loops can occupy the narrow
groove (as shown in the figure) or the wide
groove. For each model, there is two
possible intercalations: the external C-C+ pair
may be formed by the cytidines at the 5'-end
or at the 3'-end of the CC stretches; the
loops can also span either the narrow or the
wide grooves. The observation that the C-C*+
pairs of the d(6mCCTTTACC) structure are
formed of non-equivalent cytidines eliminates
scheme (a). The NOE cross-peaks between
the residues of the TTTA stretch, between
C2 and A6, C2 and T3, and between C8
and A6, are incompatible with scheme (c)
and validate scheme (b).

Schematic representation of the folding
topologies of i-motif dimers (a-c) formed by
two identical d(BmCCTTTXCC) strands.

(where X is either A or T). The cytidines are
drawn as triangles, and the thymidines T3,
T4 and T5 as circles. Base paired cytidines

[d(BmMCCTTTTCC)],, whose C-C* pairs are
formed of equivalent cytidines, adopts the
folding topology of scheme (a).



Figure 6

Schematic representation of the interresidue
distance constraints used in the calculation of
the [d(6BmCCTTTACC)], structure. As a
consequence of the symmetry, the
interresidue NOE connectivities provide two
identical sets of distance constraints. For
clarity, only one set is displayed and the
constraints corresponding to interproton
distances larger than 4.2 A are omitted. The
short distances between H1' protons and
between amino—H2'/H2" protons, which
constitute the fingerprints of the i-motif and
characterize its intercalation topology, are
drawn as heavy red lines. The lack of
connectivities between T3 and T4 indicates a
sharp turn in the TTTA loop. The C2-T3,
A6-T5 and T5-T4 connectivities between
ring protons indicate stacking of these
residues.

(Table 3). The schematic representation (Figure 9) shows
that the twofold symmetry axis crosses the minor grooves
midway between the two 5SmC1-C7+ pairs. The small

T3
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—met— *
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Wide grooves

buckle and propeller twist values (Table 3) indicate that
the cytidine pairs are remarkably flat.
overlap of pairs C2:C8* and 5mC1-C7+ (Figure 10) allows

The reduced

Figure 7
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Imino proton exchange in [d(6mCCTTTACC)],. (a) Cytidine imino

proton exchange times versus temperature: C2:C8* (O) and

5mC1-C7*(e). (b,c) Thymidine imino proton e

temperature at pH 5.7 and versus pH at 0°C: T3 (m), T4 and T5 ((J),

xchange versus

and the thymidine monomer (dashed line). (d) Phosphate catalysis of

imino proton exchange at 0°C. The exchange times measured in the
presence of phosphate for the imino proton of thymidine (dashed line),

T3 (m), T4 and T5 (J) are comparable.



Figure 8
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used in the structure calculation of
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[d(BmCCTTTACC)],. The constraints have
been classified as follows: interresidue
distances involving an exchangeable proton
(black) and two non-exchangeable protons
(darkest gray); hydrogen-bond lengths used to
define the C-C* pairing (medium gray);

intraresidue distance constraints (light gray);
and repulsive constraints reflecting the

Number of distance constraints

absence of direct NOE cross-peaks at long
mixing times (white). The intraresidue cross-
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an unusually small stacking interval (2.7 + 0.6 A) between
these base pairs. The helical twist (18° + 6) is typical for
the i-motif. The bases are anzi, the y torsion angles are in
the zrans and gauche domains, and the sugar puckers are in
the N conformational range (Table 3).

The TTTA stretches

The TTTA stretches form two loops, each of which
bridges one major groove on either side of the i-motif
core which is extended by the stacking of A6 onto the
external C2-C8* base pair (Figure 10). The T3 C1'-A6
C1' distance (7.9 + 0.4 A) is shorter than that expected for
a Watson—Cirick base pair (10.4 10\), but close to the 8.6 A

Table 2

Violations and deviations from ideal geometry in structural
computations.

Number of NOE violations larger than 0.2 (A) 4
Largest NOE violation (A) 0.24
Rms violation of input distance constraints (A) 0.06
Number of ideal bond angle violations larger than 6° 4
Largest ideal bond angle violation (°) 7.8
Rmsd from ideal bond angle (°) 1.3
Number of improper violations larger than 5° (0]
Rmsd from ideal improper (°) 0.34
Bond violations larger than 0.05 A 0

Rmsd from ideal bond lengths (A) 0.006

of a Hoogsteen pair. However, the NOE-derived distance
between T3 H3 and A6 H8 (3.8 + 0.4 A) is much longer
than the corresponding distance in a Hoogsteen pair
(2.7 A). The aromatic rings of A6 and T3 are almost per-
pendicular to each other. Modeling performed with the
'I'3 H3-A6 N7 distance constrained to a value compatible
with hydrogen bonding, and enforcement of the planarity
of the A6-T3 pair, results in strong violations of the
NMR-derived NOE distance constraints. All the bases of
the TTTA loop are anti with X angles ranging from
—106 = 5° to =140 = 5°. The sugar pucker of A6 is in the N
conformational range and those of the thymidines are in
the S conformation.

Hydration sites

Following Otting ez a/. [19], we investigated the presence
of long lived hydration water molecules within the struc-
ture by one-dimensional (1D)-NOE and 1D-ROE experi-
ments. The signs of the ROE and NOE cross-peaks
between the water peak and A6 H8, A6 H2 and 5mC1 H6,
indicate the presence of hydration water molecules whose
residence times are longer than 0.5 ns (Figure 11). The
cross-peak intensities decrease as temperature increases,
as expected if the cross-peaks arise by dipolar interactions
with water. The intensity of the H,0-A6 H8 cross-peak is
comparable to that measured between water and A6 H2 in
d(CGCGAATTCGCG),, a duplex considered as a refer-
ence for hydration studies of nucleic acids [20-22].



Table 3

Geometrical parameters of [d(5SmCCTTTACC)],.

Base x(°) P(°) Buckle (°)* Propeller twist (°)* Step Helical twist (°)
5mCi1 -140%x5 25+ 6 -1x2 12 5mC1-C2 186
C2 -128+4 1219 -3x2 -6t+2 C2-T3 56+5
T3 -127 5 155 +5 T3-T4 -115+£10
T4 -108%x5 188+ 6 - - T4-T5 35*5

T5 -136+4 98 + 30 - - T5-A6 -7+13
A6 -106 x5 -23 + 21 -17%x6 -19%x7 A6-C7 70+ 7
C7 -118%+4 -33x12 -16t4 -3%x3 C7-C8 196
C8 -123x5 11 £30 -14t4 04

*Average and root mean square deviations (rmsds) are computed for
14 conformers. *The buckle is computed as the complement of the
angle between the C6—-N3 vector and the longitudinal symmetry axis; it
is negative when the vector points in the 3' direction. *The propeller

Both chemical exchange and dipolar interactions may con-
tribute to the cross-peaks between amino protons and
water. Moreover, H,0-C2 H4, , and H,0-C8 H4,, cross-
peaks may include a dipolar contribution relayed by the
fast exchanging imino proton of C2-C8*.

Figure 9

(a)

Narrow
groove 1

A6

el

Narrow
groove 2

Wide groove

Structure of the [d(BmCCTTTACC)], i-motif. (a) Schematic
representation of [d(BmCCTTTACC)],. The cytidine color-coding is the
same as in the schematic representation in Figure 5b, A6 is in green,
T3 is in purple, and T4 and T5 are in blue. The C2 symmetry axis
passes through the two non-equivalent narrow grooves. (b) View of the

twist is the complement of the angle between the C4-C2 vector and
the longitudinal symmetry axis; it is negative when the vector points in
the 3" direction.

[d(5mCCCTTTACCO)],

Gel filtration chromatography experiments performed on an
aliquot of the NMR sample (concentration ~5 mM) showed
that the structure formed by d(SmCCCTTTACCC)
migrates as a dimer. The NOESY cross-peaks between

lowest-energy conformer looking into the wide groove. (c) View of a
superposition of the eight lowest-energy conformers of
[d(BmCCTTTACC)],, looking into the narrow groove defined by the
5mC1-C2 segments.
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Base stacking in [d(6mCCTTTACC)],. The same color-coding is
used as in Figure 9. (a) The adenosine of strand {b} is stacked to
C8{a} and T3 is flipped out into the wide groove. (b) Stacking of
5mC1-C7+* onto C8:C2*. The groove between residues C7 and C8
is broader than between 5mC1 and C2. (c) Stacking of the two
5mC1-C7* pairs.
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NOEs from water to aromatic and amino protons of
[(dBmCCTTTACC)],. (a) Reference spectrum. (b) 1D-NOE detected
70 ms after selective inversion of the water magnetization. (c) 1D-ROE
spectrum obtained with a 30 ms spin-lock. For normalization, the
spectra were divided by the number of free induction decays (FIDs)
recorded. The reference spectrum is multiplied by 1/10 for comparison
with spectra (b) and (c). The sign of the NOEs and ROEs detected
between water and A8 H6, A6 H2 and 5mC1 H6 indicate the
proximity of water molecules whose residence times are longer than
0.5 ns. Experimental conditions: T=-7°C, pH 4.2.

imino and amino protons, which indicated three pairs of
non equivalent cytidines, established that [d(SmCCCTT-
TACCC)], is formed of two loops in a head-to-tail orienta-
tion, as in the case of [d(SmCCTTTACC)],.

The NOESY spectra in H,0 and D,0 provide evidence
for the formation of an intercalated structure whose stack-
ing order is 3*10 / 1-8% / 2*.9 [ 2.9* [ 1*:8 [ 3-10*.

The exchange times of C3-C10* and 5mC1-C8* imino
protons are similar to those of the imino protons of pairs
C2-C8* and 5mC1-C7+, respectively, in [d(SmCCTT-
TACC)],. The exchange time of the C2-C9* imino proton,
480 s at 0°C, was determined from a real-time exchange
experiment.

[d(6mCCTTTTCC)]1,

Gel filtration chromatography of an aliquot of the NMR
sample (concentration 12 mM) shows that d(SmCCTTTT-
CC) migrates as a dimer. The eight spin systems and the
characteristic HI'-H1" and amino-H2'/H2" NOESY cross-

peaks indicate a symmetrical i-motif dimer.

"T'he exchangeable proton region shows four pairs of amino
protons and three imino protons at positions expected for
those of a C-C+* pair (Figure 12). The missing imino proton



Figure 12

Proton spectrum and model (inset) of the i-

motif dimer of [d(mCCTTTTCC)],. The
observation that each imino proton is NOE-
connected to a single amino proton group
establishes the fact that the C-C* pairs are
symmetrical. This requires that the four imino
protons are aligned on a twofold axis and that
the two TTTT loops are on the same side of
the i-motif core. The NMR peaks marked by an
asterisk originate from a minor species.
Solution conditions: H,O 90%, pH 4.6,
T=-6°C, strand concentration 12 mM.

[d(BmCCTTTTCC)l,  Hé
T=-6°C

T N3H

]

C7-C7+

5mC1emC1+

C2-C2+

is presumably broadened out by fast exchange with water.
The intensity of the cytidine imino protons is half that of
the thymidines. The duplex symmetry revealed by the
NOE connectivities between imino and amino protons is
quite different from that described above for [d(5mCC-
TTTACC)],. Each imino proton is connected to two
equivalent amino groups. This indicates that the cytidines
of the C-C+ pairs are equivalent. Hence, each cytidine of
one strand must pair with the same cytidine of the other
strand. Taking into account the opposite orientations of
the duplexes intercalated in the i-motif, only two interca-
lation orders are possible: 1*:1 / 88* / 2*2 / 7-7* and 8*-8 /
1-1* / 7%7 [ 2:2*. In both cases, the T'T'T'T loops are on the
same side of the i-motif core (inset Figure 12).

Proton assignment began with the identification of the
imino proton of the 5mC1-5mC1* pair (15.7 ppm) by
means of the intraresidue connectivities between amino
and methyl protons. As imino proton exchange from the
external pair is expected to be fast, the observation that the
imino proton of this pair exchanges only slowly favor the
intercalation order with the C8C8* pair in the terminal
position of the i-motif stack, and suggests that the missing
imino proton belongs to that pair. The 15.9 ppm imino
proton, which is NOE-connected with the two other C
imino protons (data not shown), is then assigned to C7-C7+,
the pair intercalated between pairs 5mC1-5mC1+ and
C2-C2+, and the 15.2 ppm imino proton is therefore
assigned to the C2-C2+ pair. The four cytidine spin systems

were assigned (except for H4', H5' and H5" protons) from
the TOCSY and the intraresidue NOE cross-peaks.

The identification of the cytidine spin systems thus
obtained accounts for all the characteristic cross-peaks
expected for the intercalation topology 8*-8 / 1-1* /| 7*%7 ]
2:2*, as shown in the inset of Figure 12. Three H1'-H1'
cross-peaks link C8 to 5SmC1, 5SmC1 to C7 and C7 to C2,
and a reciprocal set of amino-H2'/H2" cross-peaks con-
nects C7 and C2.

In the model displayed in Figure 12, each C-C stretch
(e.g. C8-C7) has two equivalent neighboring strands
(5mC1*-C2* and 5mC1-C2 in this example), one across
the wide groove and the other across the narrow groove.
The symmetry of the structure prevents us from deter-
mining whether the NOEs between segments 5mC1-C2
and C8-C7 originate from intra- or interstrand connectivi-
ties. It is therefore impossible on the basis of the NMR
data to determine if the T'T'T'T loops bridge across the
wide or the narrow groove.

Discussion

Loop folding

The NMR features related to the symmetry of the i-
motif dimers provide crucial information about their
folding topology. In [d(5SmCCTTTACC)], and [d(5mCC-
TTTTCCO)],, the NOE cross-peaks between imino and
amino protons indicate immediately the symmetry (or



the asymmetry) of the hemiprotonated pairs and conse-
quently the relative orientation of the loops.

The identification of the cytidine residues and the stacking
order of the pairs were directly derived from the NMR
spectra using the NOE connectivities characteristic of the i-
motif. Conversely, there is no direct indication about the
loop folding. As shown in Figure 5, the C-C+ base pairs of
[d5mCCTTTACQ)], can be either intrastrand (in which
case each T'T'T'A sequence must follow a groove from the
top to the bottom of the i-motif core) or interstrand (in
which case the TTTA sequence loops across the wide
grooves). Modeling performed without any distance con-
straints on the T'T'TA loop residues shows that both folding
topologies are feasible. However, a model computed with
intrastrand base pairs (Figure 5¢) exhibits strong NOE vio-
lations when constrained by the distances derived from the
NOE cross-peaks detected between T3 and C2, and
between the C2-C8* pair and A6. This excludes the loop
folding topology of the scheme shown in Figure 5c¢ and
leaves us with that of Figure 5b as a unique possibility.

Base pair opening kinetics of C-C* pairs

Imino proton exchange from C-C* pairs is controlled by
the opening rate of the pairs [17]. The lifetime of 5SmC1-C7+
(1s at 15°C) is comparable to that of the inner pair of
[d(TCO)], [13]. The lifetime of C2-C8* (15 ms at 0°C),
which is about ten times longer than that of the outer
pair of [d(TCC)],, reflects the contribution of the loop
residues to the stability of this pair.

Hydrogen bonding in the TTTA loop

Exchange catalysis by hydroxide (Figure 7c) and phos-
phate (Figure 7d) indicates good accessibility of the T3,
T4 and 'T'5 imino protons. Imino proton exchange in
monomeric thymidine is controlled by direct transfer to
water between pH 3 and pH 5. In this pH range, T4 and
'T'5 imino protons exchange at rates comparable to that of
the monomer imino proton. In the case of T3, exchange is
much faster (Figure 7c). This observation indicates the
presence of a proton acceptor belonging to the nucleic
acid itself. This feature is reminiscent of the intrinsic
catalysis of the imino proton of terminal base pairs by the
cyclic nitrogen of the complementary nucleoside, a
process occurring from the open base pair through a
concerted proton transfer across a water molecule [23,24].
'T'3 imino proton exchange may be catalyzed by nitrogens
N1 or N7 of A6. In the computed structure, the A6
N7-T3 H3 distance (4.6 = 0.5 A) allows the insertion of
the water molecule required for a concerted transfer. In
this case, the exchange rate should be proportional to
10(pK(N7;A)—pK(N3;T)). We measure (on Figure 7) that T3
imino proton exchange is five times faster than from the
monomer. Assuming that the A6 N7-H,0-H3 T3 water
bridge is always formed, this would require pK ;. 5, to be
equal to pKHzo + log(5) (i.e. =1). This value is not

experimentally accessible because adenosine protonation
occurs at the N1 position (pK(Nl;A) =4.05at0°C).

Due to its higher pK, nitrogen N1 is a better catalyst than
N7. N1 is located far from '3 H3 in the computed struc-
ture, but transient rotation of the A6 ring around the gly-
cosidic bond would bring N1 into a suitable orientation to
catalyze exchange of the T'3 imino proton. The observa-
tion that the exchange rate of 'T'3 H3 is pH-independent
around PK<N1; A) is, nevertheless, not in favor of a process
catalyzed by N1.

In the i-motif structure formed by the intramolecular
folding of d(SmCCTTTCCTS8TTAIICCTTTCC), the
T'T'TA loop also spans the wide groove and its structure is
comparable to that of the loop of [d(5mCCTTTACC)],
except that T8 H3 is directly hydrogen bonded to A11 N7
(X' Han ez a/., unpublished data).

The detection of a water molecule close to A6 H8 in
[dGmCCTTTACQO)], (Figure 11) supports the existence of
a water bridge between T3 H3 and A6 N7. However,
similar NOE and ROE cross-peaks are observed between
A11 H8 and water in d(SmCCTTTCCT8TTA11CCTTT-
CQ), in a case where the T8 H3-A11 N7 distance is too
short to accommodate the insertion of a water molecule.

Hence, we conclude that the fast exchange rate measured
for the T3 imino proton in [d(5SmCCTTTACC)], indi-
cates hydrogen bonding via a water molecule to a proton
acceptor (probably A6 N7), but the identification of this
water bridge to the long lived water molecule detected
close to A6 H8 may be deceptive.

In the structure of [d(SmCCTTTACC)],, the amino
protons of A6 are close to T3 O4' (2.8 A) and C2 02
3.7 A). These distances are consistent with the presence
of water bridges which could be responsible for the hin-
dered rotation of the amino group.

Structure of the TTTA loop

The i-motif core is extended by the stacking of A6 onto C8
(stacking interval 2.7 A; Figure 10). The sequential NOEs
detected along the A6/T5/T4 track show a regular arrange-
ment of the corresponding residues. The T4 and TS5 rings
are stacked together (stacking interval 3.2 A). The lack of
NOE cross-peaks between T3 and T4 indicates a sharp
turn of the sugar phosphate backbone between these
residues. The turn is characterized in particular by anom-
alous dihedral angle values for T3 € (gauche), 13 T (trans)
and T4 vy (gaucher). The T3 base loops out in the major
groove between C2:C8* and the A6 ring (Figures 9 and 10).
It is tilted by about 60° with respect to that of the C8 plane.

It is remarkable that substitution of A6 by T'6 changes the
folding topology of the structure. This emphasizes the



stacking contribution of A6 to the stability of [d(5SmCC-
TTTACQC)],, and shows how the folding of intramolecular
i-motifs may be guided by the composition of the linkers
which connect the cytidine stretches.

Comparison with other DNA structures

The i-motif dimer of d(SmCCTTTACC) has a folding
topology similar to that of the dimeric G tetrads formed
by d(GCGGTTTGCGG) [25] and by d(GGGGTTTT-
GGGQG) in the crystal structure [1]. All these dimers are
formed by the association of two equivalent hairpins in a
head-to-tail disposition and possess a twofold symmetry
axis normal to one groove.

Geometry of the i-motif core

The i-motif dimer of [d(3mCCTTTACC)],, does not differ
greatly from that of the i-motif tetramers studied so far with
regard to helical twist, sugar conformation and glycosidic
angles. Intercalation stretches the DNA phosphate back-
bone of all the intercalated residues (C1, C2, C7, C8 and
also A6), leading to N sugar puckering. The shortest phos-
phorus—phosphorus distances across the narrow groove,
between the 5mC1-C2 stretches (C2[P]-C2[P]=7.6 =
0.6A) and across the two equivalent wide grooves
(C2[P]-C7[P] = 14.2 = 0.6 A), fall in the range commonly
observed in i-motif structures, but the narrow groove
between the C7-C8 stretches is wunusually broad
(C8[P]-C8[P] = 10.6 + 1 A; Figure 10).

Folding of the TTTA loop

Stabilization of the i-motif structure via stacking interac-
tions with adenosine has been reported for the tetramers
of d(CCCTAA) [12] and of d(TAACCC) [11]. Tetra loops
in DNA and RNA hairpins fold into a limited number of
well-defined conformations, classified by Hilbers ez a/.
[26]. Tt is of interest to note that the structure of the
T'T'TA loop of the i-motif dimer is different from that
observed in the B-DNA hairpin of d(ATCCTAT7TS-
TI9A10TAGGAT) [27]. In the B-DNA hairpin, T7 and
A10 form a Hoogsteen base pair stacked on the last base
pair of the stem, T9 stacks on T7-:A10 and T8 is flipped
towards the minor groove. The backbone makes a sharp
turn between T9 and A10. The differences in T'T'TA loop
structures do not arise from a difference in stem widths as
the widths are comparable in the B-DNA hairpin (14-18 A)
and in [d5mCCTTTACO)], (14-15 A). The stretching of
the C7-A6 step, which is required in the i-motif dimer by
the intercalation of the C2:C8* pair, might be at the origin
of the differences.

Biological implications

DNA molecules can adopt many noncanonical struc-
tures, including antiparallel or parallel duplexes, triple
helices and four-stranded structures. Among these struc-
tures, the so-called ‘i-motif’ has the unique property to be
formed by the intercalation of two parallel duplexes in a

head-to-tail orientation. Base pairing allows cytidine pro-
tonation at pH values much higher than the cytidine pK
(PK y1, N3) = 4-3), in a range close to physiological pH.

Telomeres are nucleoproteic complexes localized at the
ends of eukaryotic chromosomes. Telomeric DNA is
composed of one strand containing short cytosine-rich
repeats, together with a complementary guanosine-rich
strand which protrudes in the 3'-direction and forms an
overhanging single strand of several repeating units.
These sequences play a role in maintaining the integrity
and stability of the chromosome during replication. The
C-rich composition of the telomeric DNA enables the
formation of an i-motif structure.

X-ray studies have demonstrated that the repeat of the
vertebrate telomere, either d(TAACCC) or d(CCCT-
AA), associates into an i-motif tetramer [11,12]. The
d[(CCCTAA);CCC] oligonucleotide was shown by
NMR to fold into a unimolecular i-motif at ~pH 7 [6]. It
is noteworthy that the complementary G-rich sequence,
dIGGG(TTAGGG);], folds in vitro into an intramolecu-
lar G quartet [2]. This leads to the enticing possibility
that both strands of the chromosomal DNA could fold
into four-stranded structures.

The centromeres are the nucleoproteic complexes which
hold together the sister chromatids during meiosis and
mitosis. The observation that stretches of only two
cytidines, such as d(TCC) or d(CCTTTACC), asso-
ciate into an i-motif raises the possibility that the
d(CCATT) repeats of the human centromere could also
adopt the i-motif structure. As in the case of telomeres,
unusual structures have been proposed for the comple-
mentary centromeric G-rich strand [28,29].

The NMR spectra of oligonucleotides containing four
telomeric repeats from vertebrates, from Tetrahymena [6],
from Saccharomyces cerevisiae (J-LLL, unpublished data)
and Bombix mori, (X Han, unpublished data) and the
spectrum of the oligonucleotide containing four human
centromeric repeats (SN and J-LL, unpublished data)
give indications for the formation of i-motif structures at
neutral or slightly acidic pH. However, the poor quality of
these NMR spectra, which probably result from confor-
mational exchange between multiple species, has until
now thwarted structural investigations. In the work
reported here, the structure of the natural sequences has
been approached by the study of oligonucleotides of
similar composition, but whose folding is unique.

The observation that G- or C-rich strands can dimerize in
vitro may be relevant to chromosomal pairing during
meiosis [30-33]. Several studies have argued in favor of a
biological role for G tetrads, and it has been suggested that
they could be involved in the regulation of telomerase



activity [4]. Proteins have been shown to bind to G tetrads
[34-36] or to promote their formation [37,38]. Evidence
for a protein that binds specifically to the vertebrate
telomeric single strand d(CCCTAA)n has been reported
[39], but proteins which bind specifically to the i-motif
have not yet been discovered. This may be because the
discovery of the i-motif is more recent (1993) than that of
the G tetrads (1988) and it would be premature to rule out
the existence of i-motif specific proteins and the possibility
of a biological function for the i-motif.

Materials and methods

Oligomer synthesis and purification

The DNA oligomers were synthesized and purified as previously
described [13]. The strand concentration of the NMR samples was
determined from the absorbance at pH 7 using A, values of 63 400
M-1 and 57 799 M- for d(6mCCTTTACC) and d(5mCCTTTTCC),
respectively, as computed with a nearest neighbor model [40].

NMR samples

Unless otherwise stated, the experiments were performed at a pH
close to 4.3, the cytidine pK(ys. ) At this pH, the fraction of protonated
cytidines in the hemiprotonated dimer and in the single strand is the
same. Hence the solution pH, buffered by the cytidine residues, does
not change upon dimer dissociation.

Gel filtration chromatography

The stoichiometry of the oligomers was determined by high pressure
chromatography using a Synchropack GPC 100 gel filtration column
calibrated with mononucleosides and oligonucleosides as previously
described [6].

NMR methods

The NMR experiments were performed either on a 360 MHz home-built
spectrometer or a 600 MHz Brucker AMX spectrometer. Experiments in
water used a ‘Jump and Return’ sequence [41] for detection with the
maximum sensitivity set at 13.5 ppm. Water signal suppression was
improved using standard NMR tubes welded to an 8 mm long Pyrex tail.

In two-dimensional (2D) experiments, the number of free induction
decays accumulated for each t1 value was proportional to the value at
time t1 of the apodization function used for data processing in that
dimension. The quadrature detection was accomplished using the
States method [42] . NOESY experiments used 90i pulses for prepara-
tion and mixing. For NOESY experiments performed in H,O, a 1 ms Z
gradient was applied at the beginning of the mixing period and the
signal was detected with a JR sequence. The spectral width was
8.5 kHz, the acquisition time 0.12 s, and the repetition rate 1.5s. The
t1 delay was incremented from 0 to 60 ms in 240 steps. NOESY and
TOCSY experiments in D,O were recorded at 7°C. The spectral width
was 3.5 kHz, the acquisition time 0.29 s, and the repetition rate 1.6 s.
The t1 delay was incremented from 0 to 84 ms (256 increments). Gen-
erally, the residual HDO signal was not saturated in order to avoid satu-
ration of the H3' protons. TOCSY experiments used 10 MLEV-17
repetitions (total time 15 ms) without trim pulses [43].

1D NOE and ROE experiments designed to detect hydration water
molecules [44] were recorded as a function of the mixing times after
water labeling (5 to 400 ms) at different temperatures (-7, 10, 25 and
40°C). A spin-echo filter [45], based on the T2 difference between
H,O and the H3' protons, was used to cancel the magnetization of the
nucleic acid protons at the water frequency. The spin-echo filter delay
ranged typically from 80 ms at —7°C to 200 ms at 40°C. In 1D ROE
experiments, the water magnetization was continuously spin-locked by
a DANTE sequence [(1V4), 20 ms )In [46,47]. To ensure effective
water suppression, the water magnetization was flipped back to the B,

direction by a 90° pulse followed by a 0.5 ms Z gradient pulse (0.076
T/m) before JR detection. All 1D-NOE and ROE spectra were obtained
with a repetition time of 3 s.

Data processing

1D spectra were corrected for the frequency response to the JR excita-
tion and the residual water signal was reduced by post-acquisition pro-
cessing in the time domain [48]. In NOESY experiments in H,O, the
residual water signal was reduced by a digital shift correction [49]. The
2D data were processed on an Indy work station (Silicon Graphics
Inc.) with Felix 95.1 software (Biosym). NOESY in H,O were zero-filled
to 15636 complex points in both dimensions, and experiments in D,O
were zero-filled to 1024 points in dimension t1. The spectra were
apodized with 3 Hz exponential broadening and a 45° phase shifted
square sine bell function in both dimensions.

Proton exchange theory

Imino proton exchange from the thymidine monomer is catalyzed by
added proton acceptors such as phosphate [50,51]. In the absence of
added proton acceptor, exchange is controlled by hydroxyl catalysis
above pH 5. Imino proton exchange controlled by direct transfer to
water is pH-independent between pH 5 and pH 3. It occurs at a rate
depending on the pK difference between the thymidine N3 (pKys.
1y=10 at 0°C ) and the H,0/H;0" couple, (pKy,0=-1.7) [52]: kex,
H,0 ~10(pKiy,0-PKna; 1)-

Exchange of the hydrogen bonded imino proton cannot occur from the
closed base pair. It requires opening of the pair followed by proton
transfer to an acceptor acting as a catalyst. In the open base pair, the
transfer proceeds at a rate comparable to that of the monomer.

Imino proton exchange from the open pair may also be catalyzed by a
proton acceptor belonging to the oligonucleoside itself. The cyclic nitro-
gen of the paired nucleotide (A N1 in Watson—Crick AT pairs; C N3 in
C-C* pairs) acts as an intrinsic catalyst in a concerted transfer involving a
water molecule [23]. In the case of CC* base pairs, the intrinsic catalysis
is so efficient that the imino proton exchanges at each opening event.
The exchange time is then identical to the base pair lifetime [17].

Exchange time measurements

The methods for proton exchange time measurements have been
reviewed recently [51]. In the present work, imino proton exchange rates
were derived from the rate of magnetization transfer from water after
selective inversion of the water magnetization using a DANTE sequence
followed by a 1 ms Z gradient pulse to cancel out the residual transverse
component. Exchange times in the millisecond range were determined
from the line- broadening induced by proton exchange.

Structure determination

NMR determinants of the i-motif

Intercalation of two duplexes into an i-motif results in large distances
between sequentially adjacent residues, and in the quasi-absence of
sequential NOE connectivities at short mixing times. The intercalation
topology of the i-motif is read off the patterns of H1'=H1' cross-peaks
which connect the stacked residues across the narrow grooves [9] and
off the amino—H2'/H2" cross-peaks connecting across the wide grooves
the nucleotides stacked via contacting 3'-faces. Stacked CG:C* pairs are
also connected by strong H5—amino proton cross-peaks [13]. The inter-
calation stretches the sugar phosphate backbones, leading to N-type
puckers and strong intraresidue H3'-H6 cross-peaks.

NOESY cross-peaks and distance constraints

The structure was determined from the build-up rates of 35 inter-
residue and 29 intraresidue NOE cross-peaks measured at mixing
times of 50, 70, 90, 120, 160, 200 ms in D,O and of 45, 67, 90, 120,
and 200 ms in H,O at 7°C.

The NOESY cross-peak volumes were defined manually and mea-
sured with Felix 95.1 software. They were corrected as needed for the



frequency response to JR excitation and for the digital-shift procedure.
The volumes were converted to distances by comparison of the initial
slope of their built-up rate versus the mixing time with that of the
intraresidue cytidine H5—-H6 cross-peaks, using a reference distance
of 2.45A for the latter. Distances involving a methyl group were
scaled by reference to the H6—CHj, pseudo-atom distance of 2.9 A

The distances were sorted into three categories corresponding to
lower and upper bounds of 1.8-2.9, 1.8-3.7 and 2.9-4.2 A. In case of
the cross-peaks to geminal protons, the distance corresponding to the
strongest cross-peak was used as constraint and those derived from
the other cross-peaks were considered as lower bounds. For distances
involving methyl protons or C:C* imino protons, the bounds were loos-
ened by 0.5 A. Cross-peaks detected at long mixing times, and in
some cases the absence of cross-peaks, were translated into repulsive
constraints with a lower bound of 4.2 A. All the distance constraints
were duplicated to take into account the dimer symmetry.

Base-pairing constraints
The two strands of the dimer were designated {a} and {b}. The CC*
base pairs were defined by the O2-H4, , and N3-N3 distances which
were set to 1.74+ 0.1 A and 2.76 £ 0.1 A, respectively. The base-pair
planarity was not enforced.

Strand equivalence and symmetry constraints

According to the NMR spectrum, the two strands were declared as
equivalent groups by the ‘noncrystallography symmetry protocol’ of X-
PLOR [53]. In order to enforce the symmetry between strands in the
dimer, several equivalent {a}—{b} and {b}-{a} interstrand distances
were declared identical within 0.1 A [13]. Using this procedure, the
rmsd between the two strands of a conformer was much smaller than
between two computed conformers.

As a consequence of the symmetry of the structure, the assignment of
the NOE cross-peaks to intra- or interstrand connectivities is ambigu-
ous. To solve this ambiguity, we built a preliminary model constrained
by the interresidue distances derived from the characteristic amino—
H2'/H2" and H1'-H1' cross-peaks, and by the base-pairing con-
straints. Using this model, we assigned the other cross-peaks to the
shortest of the homolog intra- or interstrand distances. Another model
built using the SUM averaging procedure [18] of the X-PLOR program
with ambiguously specified distance constraints, yielded the same
assignments of cross-peaks to intra or interstrand distances.

Distance-restrained molecular dynamics

Restrained molecular dynamics was carried out on a Hewlett Packard
Apollo 715/50, using the simulated-annealing protocol of the X-PLOR
program [53] with the standard harmonic potential for covalent geometry.
Potential energy terms related to electrostatics and ‘empirical dihedral’
were omitted. The force constants related to NOE-derived distance con-
straints and base-pairing constraints were set to 50 kcal mol-' A-2 and
500 kcal mol-1 A2, respectively. The NMR symmetric constraints were
maintained throughout. The computation started with two extended
d(6mCCTTTACC) strands in an arbitrary conformation. At the first step
of the modeling procedure, the energy of the initial structure was mini-
mized by five Powell cycles. The hydrogen bond force constant was
turned off at the beginning of the dynamics. The initial velocity was set to
correspond to 1200K, and the molecular dynamics computation was run
for 1000 steps of 2 ps. The hydrogen-bonding energy was introduced
during the procedure, which reduced the temperature to 300K in steps
of 25K, each step being followed by a 0.1 ps dynamics computation. The
energy of the resulting conformers was minimized by 300 Powell cycles.
The computation was repeated to yield 50 conformers among which 14
were selected for their low NOESY-related energy. The rmsd were deter-
mined by pair-wise comparison of the conformers aligned on the heavy
atoms of the cytidine rings. The conformers computed using an initial
velocity corresponding to 2000K and a dynamic computation of 2000
steps of 2 ps were not significantly different. We are aware that short
intraresidue distance constraints may be spoiled by spin diffusion. In

order to test the sensitivity of the structure to such effects, we computed
a set of conformers without intraresidue constraints. These conformers
have the same intercalation topologies, loop folding, glycosidic torsion
angles, and N or S sugar puckering as those computed with the intra-
residue distance constraints.

Accession numbers

The coordinates of the lowest NOESY-related energy conformer
[d(BmCCTTTACC)], have been submitted to the Protein Data Bank
(accession code 1BAE) and are available from the authors on request
until released.
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