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'H and F NMR, and UV thermal melting studies have
established that the stability of d(TCCCCC) is enhanced by
the inclusion of a single 2’-fluorine-modified deoxycytidine
residue; the results support the notion of the importance of
sugar—sugar contacts in stabilising i-motifs in general and reveal
that solvation is the cause of the instability of RNA equivalents.

Almost fifteen years ago, the first intermolecular i-motif solu-
tion phase structure was reported for the sequence
d(TCCCCC) (1).! This sequence has subsequently been used
as a model in the analysis of features that are important in
determining the overall structure and stability of i-motifs in
general;? information that is increasingly valuable as the
biological significance of i-motifs is still being revealed,’ as is
their potential for exploitation in, for example, nanotechno-
logical applications.*

Sequence 1 forms a structure composed of two parallel
hemiprotonated duplexes, intercalated into each other in a
head-to-tail orientation (Fig. 1). It is noted that the deoxy-
ribose rings of most of the residues adopt a predominantly
C3'-endo (or north) conformation, more reminiscent of ribose
sugars in RNA sequences. Despite this, early studies on
cytidine-rich RNA sequences indicated that these have a low
to no propensity to form i-motifs.>*>® Here, we report studies
on 1 containing 2’-fluorocytidine, the results of which lead to
the conclusion that the energetic penalty for desolvating the 2'-
hydroxyl group of ribose sugars is what precludes i-motif
formation.

Inclusion of a single RNA residue in the hexamer has been
shown to cause a small reduction in its thermal stability
(Table 1, sequence 3).>* While some thermodynamic conse-
quences of the sequence variation in this substitution were
noted, these were uniformly destabilising.>* Multiple substitu-
tions were investigated by the same researchers, with more
dramatic sequence variation being revealed.” The sequence
d(TCCCrCrC) (Cr is a ribose C) displayed a melting tempera-
ture (7)) of 41 °C, whilst the alternative arrangement,
d(TCCrCrCC) (5), displayed a Ty, more than 10 °C lower
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(Table 1, sequence 5). This large drop was thought to be a
result of either steric clashes involving the hydroxyls, or of the
heavy solvation of these groups.2 The former effect would be
anticipated to be more significant for the second sequence
(with ribose residues at positions 3 and 4), as in this case, the
hydroxyls share two back-to-back® relations between inter-
calated strands, and are therefore in very close proximity; the
first sequence (with substituents at positions 4 and 5) displays
no such relation. The phrase back-to-back describes the situa-
tion in which the 2’-substituent of cytidines 1-6, 2-5 and 34
come close to each other in antiparallel strands. The alternate,
face-to-face, arrangement is displayed between residues 6-2,
5-3 and 4-4 in antiparallel strands.?

Recently, so-called locked nucleic acids (LNAs) have been
introduced to 1,%” with two and four LNA units being
incorporated both sequentially and alternately. This modifica-
tion, which includes a 2’-O (in a 2’-O—-CH,-4' link or lock to
constrain the sugar to the desired C3’-endo pucker), is also
found to destabilise the i-motif, with the exception of when it is
located at the 4 and 5 positions,Zb where an increased T, is
noted. Unfortunately, an LNA substitution pattern similar to
that for the ribocytidines has not been reported for a direct
comparison to be made.
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Fig. 1 The topology of the i-motif structure formed by (a) 1, (b)
d(TCCCECC) (2), (c) d(TCCECECC) (4) and (d) a C*-C base pair.
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Table1 UV T, data

Sequence” T/°C?
1) d(TCCCCC) 44.8°, 46.0°" 48.0°
2) d(TCCCECC) 48.8¢
3) d(TCCCrCC) 44.5%
@) d(TCCECECC) 44.2¢
5) d(TCCrCrCC) 26.5%

“ Cf indicates a 2'-fluoro-2'-deoxycytidine residue; Cr indicates ribo-
cytidine. * Sodium citrate buffer (50 mM, pH 4.2). ¢ Sodium citrate
buffer (50 mM, pH 4.6). 5 pM strand concentration. ¢ Sodium
citrate buffer (50 mM, pH 4.6, 11.5 &+ 0.5 uM).

Given the apparent sensitivity of the i-motif structure to
modification at the 2’-position, it was intriguing to explore the
effect of 2'-fluoro substitution. Fluorine is of particular inter-
est, as it has found many uses as an NMR label in studies of
proteins and nucleic acids, suggesting an alternative spectro-
scopic approach for probing the i-motif structure.” A fluorine
atom at the 2’-position in a deoxyribose ring results in a
preferential north or C3’-endo pucker;8 hence, this should
stabilise the i-motif (Fig. 2). Fluorine is sterically equivalent’
to a hydroxyl group but has lower hydrogen-bonding capabil-
ities.!” Through appropriate positioning of these residues in
the hexamer sequence, we have been able to explore steric and
solvation contributions to overall stability.

The presence of an i-motif for the natural sequence and two
modified sequences (Table 1, sequences 2 and 4) was confirmed
by '"H NMR measurements. 1D "H NMR spectra recorded for
1 and 2 each display four distinct imino proton resonances at
chemical shifts greater than 15 ppm (Fig. 3). These signals are
a result of imino hydrogen atoms on protonated cytosines that
are shifted several ppm downfield of the standard imino region
due to hydrogen-bonding; this being characteristic of i-mo-
tifs.! A similar shift range is observed for 4; however, two
signals are observed for the thymine imino group, which is
suggestive of more than one i-motif conformation being
present under the conditions used;?” only one thymine imino
is observed for the natural and singly-modified sequence.'=
The alternative conformer(s) is (are) not highly populated and
could not be characterised. An additional set of peaks appears
lowfield shifted 7 ppm in the '°F spectrum of 3. These low level
peaks may be due to a shifted i-motif or a duplex structure, but
this could not be determined due to the low population of this
(these) conformer(s). Further support for the presence of an
i-motif was gained through the observation of characteristic
HI1’-H1’ and imino-imino proton connectivities in NOESY
spectra.! The similarity of the NOESY data set obtained and
assigned in-house for 1 with those of 2 and 4 are supportive of
the sequences having the same topology (Fig. 1).!
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Fig. 2 The chemical structure of a fluorine-modified nucleotide,
showing a 3’-endo sugar conformation.
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Fig. 3 Downfield region of the 500 MHz 1D NMR spectra recorded
for i-motifs (a) 1 and (b) 2. Conditions: 0.4 mM oligonucleotide in
50 mM citrate buffer, H,O/D,O solution (9 : 1), pH 4.2, 10 °C.

Melting temperatures were recorded for all three sequences
by monitoring their UV absorbance at 260 nm. The sequence
containing a single fluorine had a higher T, than the natural
strand. Conversely, a small reduction (0.6 °C) was seen when
two sequential residues were modified, compared with the
almost 20 °C loss when ribose residues were placed in identical
positions.** Given the similarity in size of the C-F group
compared to the C—-O-H group,’ these data suggest that there
is sufficient space to accommodate such modifications at the 2’-
position. It should be noted that these observations were made
at pH 4.2, which is at the pK, for the N3 of the fluorinated
cytidine (see ESIT) and within the range that has been quoted
for the structural stability of the natural hexamer.''

The '"F NMR chemical shift'> is highly sensitive to a
fluorine atom’s environment, such that when the solvent is
changed to a heavier isotope form, as in H,O to D,O, a
solvent-induced isotope chemical shift (SIIS) is observed.”'?
YF NMR measurements for the i-motif in H,O and D,O
solution therefore reveal the solvent exposure of the 2’-fluorine
group (Table 2).

F NMR spectra recorded at ambient temperature for the
i-motif sequences displayed a very small upfield shift upon
solvent change. The somewhat larger change observed for the

Table 2 Solvent-induced isotope shifts

System Temperature/°C  H,0/D,0O
shift/ppm“
2’-Fluoro-2’-deoxycytidine 20 —0.188
2  d(TCCCfCC) 20 —0.030
50 —0.044
4 d(TCCECfCC) 20 —0.022, —0.044
50 —0.198, —0.202

“ Negative values indicate an upfield shift for heavier isotope solvents.
The estimated error margins are +0.0005 ppm.
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nucleotide monomer is in line with what would be expected
for a fully solvent-exposed nucleus.'” Data was not
available for duplex DNA; this may have been another useful
comparator.

These results are therefore consistent with the limited
solvent accessibility of the narrow groove occupied by the
fluorine atoms. When the temperature was increased to 50 °C,
the shift induced by the solvent change increased slightly for
the monosubstituted sequence and almost 10-fold for the
disubstituted sequence; these observations are consistent with
the UV results, as the NMR data were collected at tempera-
tures slightly above and significantly above the respective Tys.
These isotope-induced shift studies provide alternative evi-
dence for the relevance of hydrophobic sugar—sugar contacts,
which have been implicated in driving i-motif formation.'"

The results of our studies suggest that 2’'-fluorocytidines
may be introduced more widely into i-motifs to enhance their
stability, and that multiple substitutions may be tolerated,
even when this results in fluorine atoms sharing back-to-back
relations; the dramatic drop in Ty, for the two back-to-back
hydroxyls in 5 must be due to solvation of the hydroxyl
groups, a process that would not be so efficient for fluorine,
even if these atoms were solvent accessible in 2 and 4.
Importantly, this, coupled with the utility of '°F as an NMR
probe, suggests such modifications could be used to study, for
example, the kinetics of intramolecular i-motif folding by
NMR. Information from such studies would, of course,
provide considerable insight to the factors that influence the
formation of these structures in biology.
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