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The transient IR absorption spectrum for UV-excited i-motif DNA is
reported for the first time and found to possess complex dynamics
pointing to multiple decay processes, including possible charge
transfer between packed hemi-protonated C bases.

The i-motif is a unique DNA secondary structure formed by
cytosine-rich sequences which assemble through a network of
interdigitated hemi-protonated base-pairs, see Chart 1." The
structure is a source of wide-ranging interest and has been
exploited in areas such as switching and nanostructures.>
However, the chief focus of interest is its role in the physio-
logical properties of biologically relevant C-rich sequences, where
the i-motif is speculated to participate in the onset of insulin
dependent diabetes mellitus® and in oncogene transcription.*
In vivo, C-rich sequences occur as complementary sequences to
quadruplex-forming G-rich DNA. G-quadruplex formation has
been observed for the gene promoter region of several genes
associated with the development of cancer. Significantly, for
several of these promoter genes the complementary C-rich DNA
has been observed to form the i-motif.’>
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Chart 1 Structures of (a) protonation of cytosine (b) hemi-protonated
C base-pairs (c) intercalated i-motif structure.
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C-rich DNA is susceptible to photodamage which may lead to the
formation of mutagenic cyclobutane pyrimidine dimers (CPDs).®
Consequently, there is interest in the study of the photophysics of
cytosine systems in order to understand the mechanisms of
damage.”"® The lifetime of the 'nn* excited state of the isolated
cytosine nucleobase is less than 1 ps.'* However approx. 15% of
excitations in mononucleotide dCMP can decay via a relatively long-
lived (39 ps) and non-emissive 'nr* state. This state has a distinctive
absorption at 1574 cm™ ' (in D,O) that can be observed using
picosecond time-resolved IR (ps-TRIR) spectroscopy. We have recently
shown that this state is the major intermediate present on the
picosecond timescale in single-stranded polymeric cytosine systems,
where in the case of single-stranded (ss)}-dCs, the lifetime is length-
ened to 80 ps due to nearest neighbour interactions.'> The formation
of hemi-protonated C-tracts has been shown to dramatically affect the
excited state properties, with reports of long-lived excited states and
fluorescence on the nanosecond timescale.” However, the origin of
long-lived excited states, and the role of the 'nr* localised ‘dark’ state
in cytosine i-motif photochemistry remains unclear. To address these
questions we have used ps-TRIR to probe the dynamics of two i-motif
forming sequences, dCs, and 5’-d(CCCTAA),, the complementary
sequence to the human telomeric sequence 5-d(TTAGGG), which
was the subject of a previous study."

At pH 5.5 hemiprotonation of dCs, results in the formation of
the i-motif (i-dCs,). This is accompanied by a red shift in the UV
spectrum and identified by a characteristic CD spectrum with
bands at 266 nm (negative) and 288 nm (positive),"* see Fig. 1.
The corresponding FTIR shows that the single carbonyl band of
ss-dCs, at 1650 cm ™' is replaced by two carbonyl bands at 1665 and
1695 cm™ ! in i-dC;,, while the loss of n-electron density in the ring
results in the suppression and slight shifting of the ring stretches,
see Fig. 2a and b."”” This characteristic IR signature should be
particularly helpful when we examine the transient IR spectra as it
allows us to be certain about which ground state species has been
excited — a particularly useful feature for oligocytidine systems
where multiple species may be present.”

The TRIR spectra (1400-1650 cm ') following 267 nm excitation
of dC;, at pH 5.5 and 8.5 are compared in Fig. 2. It may be noted
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Fig. 1 (a) UV-visible absorption and (b) CD spectra of dCzq and d(CCCTAA)4
under weakly basic and acidic conditions in phosphate buffered D,O. (i-motif
CD signals scaled for ease of comparison. For raw data see ESI, 1 Fig. S1).
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Fig. 2 ps-TRIR spectra of 10 mM (a) ss-dCsq (b) i-dCsp.

that at pH 5.5 the negative ‘bleach’ bands correspond to those
caused by the removal of the i-motif ground state while those at
pH 8.5 are consistent with the ss-DNA form.'® The transient decay
and bleach recovery over the initial 10 ps (shown in red in the figure)
are assigned to cooling of the vibrationally ‘hot’ ground states.'®
This occurs at a similar rate for both ss-dC;, and i-dCs (4-5 ps). It is
notable that the amount of short-lived species, attributed to vibra-
tional cooling of monomer (unstacked) bases, is significantly less
for i-dC;, than ss-dCj,.

As previously reported the TRIR spectrum of ss-dCs, is dominated
by a band at 1574 cm™ " (80 + 15 ps, see ESL{ Fig. S2) assigned to
the 'nn* excited state.'” By contrast the TRIR spectra recorded for the
sample at pH 5.5 display more complex behaviour. Thus after the
initial vibrational cooling was complete, the shape of the transient
band between 1540 and 1600 cm ' changed with time (Fig. 2b).
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At earlier times (16-90 ps, navy in Fig. 2b) transient absorption
peaked at 1574 cm ™", At greater than 150 ps a much longer-lived
broad absorption band with maximum at ca. 1545 cm™ ' dominates
the spectrum, with additional transient bands present at 1623 cm ™ *
and 1683 cm™' (ESLt Fig. S3 and S4). Again in contrast to the
behaviour of ss-dC;, the ground state does not recover fully over the
1000 ps timescale. This indicates the presence of a very long-lived
transient species.

Kinetics of the recovery of the strongest bleach at 1664 cm ™" were
analysed using biexponential fitting yielded, in addition to the rapid
vibrational cooling, yielded a lifetime of 300 + 70 ps (ESL Fig. S5)
and a very long-lived species which contributes 18% to the overall
signal (Fig. 3 and Table 1). Similar analysis of the two principal
transient bands gave lifetimes of 162 + 53 ps at 1574 cm™ " and
241 + 81 psat 1545 cm™ ' (ESL} Fig. S6). It should be noted that these
are average lifetimes and that there is some overlap in the absorption
of the transient bands between 1540 cm™ ' and 1570 cm ™.

In considering the nature of these transient species it is
necessary to acknowledge a number of key features of the i-motif
structure. Firstly, it is a rigid structure which is held tightly through
backbone interactions. The increased rigidity compared to single-
stranded and B-DNA may inhibit the cytosine excited state adopt-
ing a non-planar structure, which is instrumental in the ultrafast
decay of the nucleotide.” Secondly, there is overlap between the
exocyclic keto groups and amino groups of the interdigitated
cytidine bases (held at a reduced inter-base spacing of 3.1 A),
while stacking interactions are reduced in the i-motif structure
as adjacent bases are positioned perpendicular to each other."”
Thirdly, the structure may be considered to contain protonated
cytosine and unprotonated cytosine moieties.

The transient species peaking at 1574 cm™ " may be assigned to a
"nn* localised excited state, possibly due to the presence of some
single-stranded dangling C tracts. [A similar profile but with a greater
proportion of the 1574 cm™" transient is seen for dCs, at neutral
pH where a mixture of ss-dCs, and i-dC;, is present (ESLt Fig. S7).]
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Fig. 3 Comparison of bleach recovery kinetics of 10 mM ss-dCszq (1650 cm ™)
and 10 mM i-dCs (1664 cm™? fitting by a biexponential function.

Table 1 Summary of recovery kinetics for C-rich systems

DNA 74 (ps) Ay (%) 12 (ps) Ay (%) Az (%)
5'-dCMP 5.0 + 0.4 84 3945 16 0
5-HACMP" 43403 100 — — 0
ss-dCs, 43403 82 80+ 15 18 0
i-dCs, 5.5 + 1.1 46 300+ 70 36 18
ss-d(CCCTAA); 4.0 + 0.5 63 95 +15 27 0
i-d(CCCTAA), 5.8 + 0.6 48 175+ 25 38 14
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Fig. 4 ps-TRIR spectrum of 10 mM i-d(CCCTAA)4 at pH 5.5.

The spectral band peaking at 1545 cm™ " is assumed to represent the
vibrational spectrum of a transient species in the i-motif. One might
consider that this is a protonated cytosine excited state. However it
should be noted that protonation of dCMP prevents the formation of
the 'nn* state and the sole species observed after 2 ps is the
vibrationally excited electronic ground state (ESL Fig. S8), so we
regard this as unlikely."

Another possibility we considered is that the 1545 cm ™" band
is due to a hydrogen-bonded neutral cytosine held rigidly in the
i-motif structure. Indeed it has been shown by Schwalb et al. that
some C-C base pairing motifs result in a modest increase in
fluorescence lifetime (~10-20 ps) in non-aqueous solvents.'®
However, in those cases the lifetimes are still relatively short and
also the influence of the solvent prevents easy comparison. Further
it may also be noted that base-pairing (for example in G-C systems)
is often a path for ultrafast decay via proton transfer."®

We therefore consider whether the 1545 cm™ " species in d(Csq)
could result from the formation of charge transfer states, as similar
species have been proposed for other polynucleotide and dinucleo-
tide systems.”® For the i-motif the likely charge transfer process is
between C and CH' moities yielding C*~ CH®. As pointed out by
Cohen et al” the structure of the i-motif positions the electron-rich
amino group near the electron deficient pyrimidine ring of the
nucleobase below and thus provide a favourable environment for
the formation of CT states. It may also be noted that the poor overlap
of the bases could reduce the rate of back electron transfer and lead
to a relatively long-lived charge-separated state. We now turn to the
long-lived ns species, the presence of which is consistent with
previous obsetvations for hemiprotonated dC;s using visible transient
absorption spectroscopy.” The lifetime suggests that this could be a
triplet state possibly formed by the decay of the 1545 cm™* species.

Finally we consider whether similar behaviour is observed for a
biologically relevant i-motif sequence d(CCCTAA),. The lifetimes of
the transient absorption and the bleaching bands for the TRIR
spectrum of ss-d(CCCTAA), are quite similar to those recorded for
ss-dCs (ca. 100 ps, see ESL,t Fig. S9 and S10), see Table 1. However,
upon formation of the i-motif, (i.e. at pH 5.5), we find evidence for
both a longer-lived species (175 + 25 ps) and a very long-lived
transient that did not recover fully on the measurement timescale,
see Fig. 4 and ESI,{ Fig. S11. These features are similar to those
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found for i-dC;,. We therefore propose this transient behaviour is
associated with the cytosine moieties in the i-motif structure.

In summary this TRIR study has provided identification of
signature IR bands for the long-lived species found upon
UV-excitation of the i-motif in C-rich DNA. The slow decay is not
due to simple protonation, but is rationalised in terms of the
specific structural features of the i-motif. The most likely origin is
charge transfer between closely packed C bases. Finally, it is
noteworthy that the substantially red-shifted absorption spectrum
of i-motif DNA means that it may be selectively excited by UVB light
above 300 nm, where protection from atmospheric ozone decreases
(as has also been suggested for the G-quadruplex sequence™"). This,
combined with the very long-lived excited states present in hemi-
protonated C tracts, suggests that these systems may have an
important role in the photochemistry of cytosine in vivo.
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