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S1 Additional Computational Details

The computational study of the photoactivated behavior of an I-motif forming DNA sequence
is extremely challenging. The description of excited electronic states requires the use of com-
putationally expensive quantum mechanical calculations. Moreover, the size of the systems
under study (> 150 atoms) and the necessity to consider dozens of excited states pose strict
requirements for the choice of the reference computational method, making the methods
rooted in Density Functional Theory (DFT) and its Time-Dependent extension (TD-DFT)
the only possible option. TD-DFT has well-known weaknesses, for example in the treatment
of the electronic transitions with CT character[l, 2], an important deficiency when treating
closely stacked multichromophore systems as I-motifs. However, it has been shown that a
suitable choice of the functional allows a reliable description of CT transitions.[2, 3] As a
consequence the choice of the functional strongly affects the accuracy of ther e sults. Then,

it is necessary to consider solvation effects, since all t he r eference e xperiments are performed



in water. When simulating the spectra, vibrational effects should be in principle explicitly
included, since they determine the spectral lineshape.[4] This is an impossible task when deal-
ing with dozens of excited states, with strong non-adiabatic couplings potentially existing
among them. 5]

In the following paragraphs, we shall thus describe in detail the different features of our
computational approach, explaining the rationale of our choices.

Computational Models. Our reference computational model, shown in Figure 1c of the
main text, has been built using as starting geometry the NMR structure in solution of
a modified human telomere fragment (1ELN.pdb),[6] limiting to the central cluster of four
(CH-C)* hydrogen-bonded dimers, formed by four intercalated (dC), dinucleotides (hereafter
dC2-4), adopting an 3’E topology.[7] Since the ’extra’ proton can reside on each of the C
bases in the (CH-C)* pair, multiple tautomers are possible for our computational model,
differing for the location of the ’extra’ proton. Due to the structural asymmetry related to
the presence of the backbone, the different tautomers can have slightly different energies. As
a consequence, as reported below in Section S2.3), we made some test calculations for four
tautomers, differing in their ’hemi-protonation’ pattern. We have also studied computational
models including only the C bases (hereafter C2, C2-2, C2-4, and C2-4, see Figure 1d in the
main text), which, besides reducing the computational cost, allow us to study the dependence
of the properties of the I-motif on the number of (CH-C)" hydrogen-bonded dimers. In these
species, a methyl group is used to mimic the sugar since we have shown that this is a cost-
effective recipe to study the excited state behavior of cytidine.|[§]

FElectronic method. Among the many density functionals available, in this study we choose
as the reference functional M052X,[3] which provides a fairly accurate description of stack-
ing interactions and of the relative stability of CT transitions.[3] Both features are critical
when studying a closely stacked multichromophore system as DNA. In particular, accurate
treatment of weak non-bonding interactions is very important for an accurate determination
of the minima, both in the ground and in the excited electronic states. This choice is sup-
ported by our experience in the study of DNA|[9, 10], where we have profitably used M052X
to study the photoactivated behavior of different NA sequences, arranged in single, double,

and quadruple strands.[9-11] In several studies we have also benchmarked M052X against



the results obtained by using other ab-initio methods (CASPT2, EOM-CCSD, and so on) or
other long-range corrected density functionals, always obtaining positive indications.[9, 10]
For what concerns the present study, we have recently shown that it provides an accurate
description of the most relevant excited state features of protonated cytidine and hemiproto-
nated (CH-C)™ pair, i.e. the building blocks of I-motif, in good agreement with that obtained
at the CASPT?2 level or by using other long-range corrected density functionals.[12]

On the other hand, as discussed below, M052X overestimates (by ~0.6 V) the excitation
energy of the bright states of nucleobases. However, it can very accurately reproduce the effect
of the stacking on the spectra (IR, absorption, ECD) of DNA.[10, 11, 13-15] This feature
is the most critical one for the aim of this study. In any case, as reported in section S2.3
below, the reliability of M052X predictions has been checked with some tests with two other
commonly used long-range corrected functionals, i.e. CAM-B3LYP[16] and wB97XD[17].

Most of our analysis has been performed by using the cost-effective 6-31G(d) basis set.
However, we assessed the accuracy of its predictions by performing test calculations by using
larger basis sets, such as the 6-311G(d,p) one (see Section 2.3 of the SI).

Solvent effects. We resorted to the Polarizable Continuum Model, PCM,[18] to include
bulk solvent effects. Based on our previous experience on duplexes and quadruplexes[10],
we have not explicitly considered solvent molecules in our models, since interbase hydrogen
bonds strongly reduce the number of possible solute-solvent hydrogen bonds.

Stmulation of the spectra. In order to compute the absorption and the ECD spectra of
our I-motif models in the UVB-UVC region, it is necessary to compute > 40 excited states
of species containing hundreds of atoms. Proper inclusion of vibrational and thermal effects
in the spectral lineshapes[4] is thus unfeasible. The spectra are thus simulated by simply
convoluting the 'stick’ contribution of each excited state by a Gaussian, with half-width-half-
maximum (HWHM)=0.2 eV. M052X overestimates the transition energies of CH* and C
by 0.6~0.7 eV, with respect to the maxima of the experimental absorption band.[12] This
discrepancy is partially (0.1~0.2 eV) due to thermal and vibrational effects (not included in
our treatment), which have been shown to systematically red-shift band maxima with respect
to the vertical transition energies.[4, 19]. The largest part of this error is, however, due to

the limitations of our computational approach (e.g. density functional, basis set, solvation



model). In order to enable a more direct comparison with experiments, we shall thus report
spectra red-shifted by 0.65 eV, corresponding to difference between the maxima of the exper-
imental absorption band of the monomers and vertical transition energies computed at our
level of theory.[12] As a matter of fact, the test calculations performed in our previous studies
indicate the differences b etween the computed and experimental s pectra in oligonucleotides
are due to the errors in the description of the monomer and not of the inter-bases electronic
interactions.[14, 15]

IR spectra have been computed, after substituting with deuterium atoms all of the hy-
drogen atoms bonded to nitrogen and oxygen atoms, in the Harmonic approximation. The
lack of anharmonic effects leads to an average blue-shift of the s pectra. We thus resorted to
an empirical procedure, commonly used in the literature, (see, for example,[20, 21]), scaling
each frequency by 0.955, and then broadening each stick transition with a Lorentzian with

HWHM=10 cm~".

S2 Additional Computational Analysis

S2.1 Non-protonated sequences

Starting from the I-motif minimum of C2-4, we have determined the ground state minimum
of a structure where all C bases are not-protonated at N3. As shown in Figure S1, the
structure keeps an I-motif-like arrangement, but there is a shift in the hydrogen bonding
pattern of the CC pairs, with the amino group of each base hydrogen bonded to the N3 atom
of its partner. Based on the similarity of the C2-4 structure, we shall label this structure
as (C2-4-neu, to highlight that it is aimed to mimic a neutral pH. In order to get insights
into the behavior of C-rich sequences that are not able to properly fold in an I-motif like
structure, because they are too short, for example, we have also optimized the geometry of
a dCg oligonucleotide in a B-DNA arrangement (dCg-neu). In this case, we started from the
structure, in B-DNA conformation, reported in ref.[22], optimized at the DFT level.

This analysis is very far from being exhaustive. The conformation adopted by C-rich
sequences will depend on the exact sequence, the number, and the position of the C tracts,

and, at room temperature, the co-existence of different conformationsis p ossible. O ur aim
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Figure S1: Schematic drawing of a) structure formed by 8 C bases arranged as within an
I-Motif (C2-4-neu) b) (dC)g ((dC)g-neu) Color code: C (grey), H (white), O (red), N (light
blue), P (yellow)

is simply to make a first step toward the ¢ haracterization of the p ossible sp ectral signature

of the different arrangements (see the next subsections).

§2.2 IR spectra

In Figure S2 we compare t he I R s pectra computed f or C2-4 and C2-4-neu, r eporting also
the experimental IR spectra computed for (dC)sy at acidic and weakly basic pH.[23] Please
con-sider that at weakly basic pH (dC)sy is expected to adopt multiple conformations,
including tracts in a single strand, f or which the explicit i nclusion of the hydrogen bonds
with the solvent is nore important. (bnsidering also the other approximations in our
computational model (e.g. lacking the phosphodeoxyribose backbone and not including
thermal fluctua-tions), the computed scaled harmonic spectra are in good agreement with
the experimental ones, f or what concerns both the position and t he relative i ntensity of the
different bands. The nost significant discrepancy with respect to t he experiment concerns the
overestimation of t he i ntensity of t he band at 1500~1550 cm ™. Tbwever, t he nost i mportant
result of this analysis i s that, as anticipated i n the nain text, our calculations well capture

the t wo nost



important effects of the hemiprotonation on the IR spectrum: the appearance of the band

at ~1700 cm~! and the strong decrease of the intensity in the band at 1500~1550 cm™?.
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Figure S2: Computed IR spectra for C2-4 (black line) I-motif, for a species mimicking C2-
4 at neutral pH (orange line). PCM/M02X/6-31G(d) calculations. Spectra simulated by
multiplying each frequency by 0.955 and convoluting with a Lorentzian with hwhm=10 cm™!.
The experimental spectra measured for dCszy at pH=>5.5 (dotted magenta line) and at pH 8.5
(green dotted line) are also shown.[23] Frequency in cm™!, ¢ in L M~ cm™!.
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Figure S3: Computed IR spectra for C2-4 (black line) dC2-4 (black dashed lines), C2-3 (red
line), C2-2 (green line), C2 (blue line) PCM/M052X/6-31G(d) calculations. PCM/M02X/6-
31G(d) calculations. Spectra simulated by multiplying each frequency by 0.955 and convo-
luting with a Lorentzian with hwhm=10 cm™!. Frequency in cm™!, e in L M~ em ™.

In Figure S3 we show how the IR spectrum changes when the number of hemi-protonated
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pairs considered increases. The most important change is a weak red-shift of the high-energy
peak with the number of pair. However, the spectral shape does not dramatically change,
suggesting that the presence of hemi-protonated pairs is more important than their folding

within an I-motif.

S2.3 Absorption and ECD spectra

In this subsection, we report additional computational results concerning the absorption and
ECD spectra. The spectra reported in Figure S4 show that the inclusion of the backbone
in the computational model affects has a quite small effect on the computed sp ectral shape,

only a weak red-shift of the maximum.
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Figure S4: Absorption spectra computed for dC2-4 and C2-4. ¢ in L mol™* ecm™!. TD-
PCM/M052X/6-31G(d) transition shifted by -0.6 ¢V and broadened with a Gaussian with
hwhm=0.2 eV.

In Figure S5 we report the ECD spectra (unshifted) computed different functionals and
basis sets. The computed lineshapes are very similar, indicating that our conclusions are solid
with respect to the choice of the functional and of the basis set. From the quantitative point
of view, the spectra uniformly red-shift by 0.1~0.2 eV when the size of the basis set increases
and when CAM-B3LYP or wB97XD functionals are used. On the one hand, these results
show that a part of the discrepancy with respect to the experiments is related to the choice of
the functional (which we have selected due to its good description of the stacking interactions)

and of the basis set. However, it is comforting that the smaller 6-31G(d) basis set, which



enables to perform excited state geometry optimizations and frequency calculations with a
feasible computational cost, provides a similar description of the ECD shape and, therefore

of the interactions between the excited states, to that obtained with a larger basis set.
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Figure S5: ECD spectra (unshifted) computed for C2-4 using different functionals and basis
sets on PCM-MO052X/6-31G(d) optimized geometries. TD-PCM/M052X/6-31G(d) transition

shifted by -0.6 eV and broadened with a Gaussian with hwhm=0.2 eV. Ae expressed in 10~4°

esu2 ch .

As anticipated in the main text, the proton ’shared’ between the N3 atoms in a C2 pair
can 'jump’ between the two atoms. As a consequence, for any sequence, many tautomers
are possible, differing in the 'location’ of the proton. In the presence of the backbone, these
tautomers can have different energies. In order to get some insights on the dependence
of the spectral shapes on this factor, we have studied four different tautomers of dC2-4,
schematically depicted in the top panel of Figure S6. In that scheme, a protonated C is
represented by a yellow circle, and the 'unprotonated’ one by a green one. For example, in
model 1 the two dCs dinucleotides are fully protonated and two are not. The relative energy
of the possible tautomers, which are very close in energy, will be affected by the length of
the chain and by the conformational restrictions due to the presence of the loops, making
any analysis of the relative stability of the four species examined not particularly relevant.
We decided instead to focus on the spectral properties of the different tautomers. As shown

in Figure S6, the four models examined have similar ECD lineshapes. This result indicates



that our conclusions should not depend on the particular dC2-4 tautomer we focused on. On
the other hand, the position of the spectra depends on the tautomer considered. This effect
contributes to the broadening of the spectral lineshapes and is another effect to be considered
when analyzing the effect of the loops on the ECD spectra. It could be indeed possible that
the nature and the length of loops could affect the spectra also by affecting the tautomeric
equilibria.
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Figure S6: ECD (bottom) spectra computed for dC2-4 species with different hemi-
protonation patterns (shown above the spectra, see text fro details). TD-PCM/M052X/6-
31G(d) transition shifted by -0.6 eV and broadened with a Gaussian with hwhm=0.2 eV. Ae
expressed in 1074 esu? cm?.

In Figure S7 we report the ECD spectra computed for an I-motif (C2-4) and for the two
sequences we have used to model 'neutral’ conditions, i.e. C2-4-neu and dCg-neu (see Figure
S1). Experiments checking the effect of pH on 34-base long cytosine-rich sequence[24, 25] or
on (dC)ys [26] indicate that for pH>7.5, where protonation of C is not favored, the typical
ECD spectra of I-motifs dramatically change. A positive peak, less intense than that of
[-motifs, is observed at ~280 nm, whereas a shallow and not well-structured negative band

is present below 260 nm. This spectral shape has been often associated to non-structured
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sequences.[27] On the other hand, similar experiments performed on cytosine-rich human
telomeric DNA fragments provide a different picture.[28] T he s pectrum m easured a t pH

7.5 exhibits a positive maximum at 275 nm and a negative one, with comparable intensity,
around 245 nm. Inspection of Figure S7 provides interesting indications. The ECD spectrum
of C2-4-neu exhibits indeed similar features to that usually associated with non-structured
conformation. On the other hand, dCg-neu ECD spectrum is consistent with that measured
for the human telomeric sequence at neutral pH, suggesting that it adopts mainly a B-DNA
like conformation. It is clear that this can be considered simply a preliminary exploration,
which, nonetheless, shows the importance of a careful conformational analysis of the partic-

ular C-rich sequence investigated.
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Figure S7: ECD spectra computed for C2-4, C2-4-neu and dCg-neu. TD-PCM/M052X/6-
31G(d) transition shifted by -0.6 eV and broadened with a Gaussian with hwhm=0.2 eV. Ae
expressed in 10740 esu? cm?.
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S2.4 Assignment of the electronic spectra
§2.4.1 C2 and C2-2 excited states

In Figure S8 we show the NTO’s associated to the lowest energy excited states in C2
hemiprotonated pair. As discussed in detail in [12], the lowest energy excited state is a 77*
HOMO—LUMO transition, localized on the CH* base, hereafter CH-wg7?%, with bond-
ing/antibonding character with respect to the C5=C6 double bond (Figure S8 top). S
corresponds to a similar transition, localized on the C base (hereafter C-my77}, see Figure S8

bottom).

)E

HOLE PARTICLE

Figure S8: Natural transition orbitals associated to the two lowest energy excited electronic
states of C2.

In order to more easily grasp how the formation of I-motif leads to the mixing of these
excited states, it is useful to examine C2-2, the minimum meaningful model of I-motifs, since
it allows considering both hydrogen bonds and stacking interactions. In C2-2 the two lowest
energy excited states essentially derive from the symmetric and asymmetric combination of
the CHT-7r* states of the stacked C*-C pairs. The lowest energy one is very weak, and
it is red-shifted with respect to the CH"-m7* transition (see Figure S9). In terms of the
involved NTOs, for S; we find two transitions, with similar weight, where the HOLE are

the combinations (symmetric and antisymmetric) of the HOMOs of CHT and the Particle of
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Figure S9: top) Schematic description of the lowest energy excited states of C2-2 in terms of
two stacked C2 pairs. bottom) NTOs associated to Sy, Sy , and S5. The weight of the most
relevant transitions is reported under the arrow.

their LUMOs. The second excited state carries most of the oscillator strength. We then find
two excited states deriving from the symmetric/antisymmetric combination of the two C-
m* transitions. In this case also, the most intense is that on the blue side, with energy very

similar to that of the parent C-w7* transitions. The following two excited states, ~0.3 eV on
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the blue, can be described as Charge Transfer states, involving the transfer of an electron from
a C towards the stacked CHT. As discussed also in the main text, these assignments provide
simply a qualitative description of the dominant character of the transitions. Inspection of

Figure S8 shows indeed that S; and S, have a small C—CH™ CT character.

$2.4.2 Longer sequences

On the ground of the analysis of C2-2, it is easier to interpret what happens in longer
sequences. For C2-3/C2-4, we find t hree/four e xciton s tates d eriving f rom t he m ixing of
CHT-m7* states, followed by three/four deriving from the mixing of C-m7* (see Figure 4
in the main text). Then we find a larger number o f e xcited s tates w ith p redominant CT
character, the most stable being the C—CH™ ones, involving stacked bases. As discussed in
[12] the C—CHT ones involving the hydrogen-bonded pair lie > 0.6 higher in energy with
respect to the bright states.

The contributions of these families of excited states to the ECD spectrum are clearly
recognizable in Figure S10, where we report the ECD spectrum of dC2-4, in order to make

clearer the assignment of the spectra.
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Figure S10: ECD spectra (unshifted) computed for dC2-4. TD-PCM/M052X/6-31G(d) tran-
sitions, depicted in blue, broadened with a Gaussian with hwhm=0.2 eV. Ae expressed in
10740 esu? cm?.
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There are four contributions around 250 nm associated with the CH-77* excitons and
four around 240 nm related to the C-m7* excitons. In both cases, we have two states with
a bidentate strong positive/negative rotatory strength. The states with positive rotatory

strength are on the red-wing, explaining the typical ECD signature of I-motifs.

S2.5 Additional details on the excited state minima of C2-4
and

dC2-4
c
In the CH™-77* ,.-min for C2-4, the C5’=C6’ bond distance of the CHT base involved in the

excitation increases up to 1.416 A (from the 1.354 A of the ground electronic state, GS), and on
the same time the C4’-N to 1.35 A (GS 1.312 A and the C2'=0 to 1.233 A(in the GS 1.225). At
the same time, for the C base involved in the excitation, partially positively charged, the C5C6
bond distance is 1.367 A (in the GS it is 1.354 A ), and the C4-N distance slightly increases to
1.354 A | with the amino group getting closer to the C5’ atom of the CH* base (distance only
2.74 A ) In C-CH*-CT-min, the two bases involved in the CT transition get much closer with
respect to the GS. In particular, we observe the approach of the the C4’-NH, moiety of CH™ to
the C5=C6 bond of the C base. The distance between the N’4 amino nitrogen of CH* and and
the C5 atom of C decreases to 2.56 A , and that between C4’ and C6 to 2.83 A . At the same
time that two base adopt a geometry close to that a C* cation and a CH radical, respectively.
For dC2-4 (as shown in Figure S11), in CH+—7T7TZT—HHH, the C5'=C6" bond distance of
the dCH™ base involved in the excitation increases up to 1.423 A (from the 1.354 A of the
GS), and, at the same time, the C4-N to 1.343 A (GS 1.312 A and the C2'=0 to 1.228
A(in the GS 1.225). For the C base involved in the excitation, which uis partially positively
charged, the C5=C6 bond distance is 1.362 A (in the GS it is 1.354 A ), and the C4-N
distance slightly increases to 1.356 A , with the amino group getting closer to the C5’ atom
(distance only 2.67 A ) and C6’ atom (distance only 2.69 A ) of the CH* base. In C-CH*-
CT-min, we observe the approach of the CH' and the C bases involved in the CT transition.
In particular, the C4-NH, moiety of CH" bases gets close to the C5=C6 bond of the C

base (bond distance of ~3 A see Figure S11), confirming t hat t his m inimum could b e the
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precursor of the photodimer discussed in this study.

Figure S11: Schematic drawing of the most relevant minima by optimizing the lowest energy
excited states of dC2-4. a) CH-7m7fp-min b) C-CHT-CT-min
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Figure S12: Computed difference IR spectra with respect to the ground electronic state
for dC2-4 associated with CH™-77}-min (black line) and C-CH*-CT-min (red line). IR
frequencies scaled by 0.955. PCM/TD-M052X/6-31G(d) calculations.

In Figure S12 we report the difference spectra associated to the population of CH™ -7}~
min (black line) and C-CH*-CT-min (red line) in dC2-4. Considering that the two systems

are very different in size and in complexity, they are consistent with those computed for
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(C2-2 and reported in the main text. Indeed, we observe, fro both excited states, bleaching
negative bands associated to the ground state depletion, at ~1500 cm ™!, ~1620 cm ™, ~1660
ecm ™! and 1700 cm™!. We then find p ositive features b elow 1500 cm ™!, in t he region 1550-
1600 cm™! and at 1650 cm™!. These features are present for both states, though with
different intensity, with t rends similar to t he discussed in the main text for C 2-2. The most

significant d ifferences be tween th e Di fference IR spe ctra com puted for the two minima are

*
cT

C-CH*-CT-min above 1700 cm™'. On the balance, the DIR spectrum of CH*-m7?-min

found in the blue-wing. CH'-w7*-min exhibits a positive feature at 1680 cm™!, whereas
is more consistent with the experimental one, but, considering the approximations of our
computational approach, the differences b etween the DIR computed for t he two minima are
not large enough to rule out the involvement of C-CH*-CT-min (see the discussion in the

main text).

S2.6 Additional details on the dimerization paths

For what concerns the IR spectrum, the dimerization reaction is mirrored by the appearance
of positive peaks above 1700 cm ™!, at ~ 1670 cm™!, at ~ 1650 cm™!, and by a large positive

band below 1600 cm™!. At the same time, we observe negative peaks at ~1690 cm™?

, at
~1660 cm™!, and ~ 1625 cm~!. These features are nicely consistent with the difference IR
spectra measured at low pH after UV irradiation of DNA sequences forming [-motifs (see the
black line in Figure S13.[29]

We further investigated the photodimerization reaction, also by using the smaller C2-2
model (see Figure S14). Actually, the rupture of the N4’-C4’ bond is moderately exothermic
(by ~0.2 eV for C2-2 and by only ~0.1 eV for C2-4), producing the species we label as
C2-4-dim-break (see Figure S14b). However, it is very likely accompanied by a PT reaction
(C2-2-dim-PT in Figure Sl4c), leading to the formation of a 64-PP dimer involving to C
bases hydrogen bonded with two CH™ bases.

We have computed the ECD and difference IR spectra associated to these species, which
are reported in Figures S13 and S15. Considering the approximations of our computational

approach, the computed ECD spectra are consistent with those measured after the production

of the photodimer.[29] For what concerns IR spectroscopy, the C2-4-dim-break and C2-4-
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Figure S13: Computed difference IR spectra associated with C2-4-dim, (black line) and C2-4-
dim-break (red line), and C2-4-dim-PT (blue line).IR frequencies scaled by 0.955. MC/TD-
M052X/6-31G(d) calculations.

Figure S14: Schematic drawing of different species arising from a) the C2-2-dim photoproduct
formed on the surface of C-CH"-CT. Breaking of the C4’-N4’ bond can lead to the product
shown in b). Then PT transfer in the HB denoted by the arrow can lead to the sepcies shown
in ).

dim-PT exhibits DIR spectra less similar to those associated to the photodimer, with respect
to that of C2-4-dim.[24] However, we do not consider that photodimerization can affect
the stability of the I-motif structure, induce some partial unfolding and/or some structural

rearrangements affecting also the the steps not involved in the reaction. All these factors
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could affect the DIR spectrum measured after the dimerization. As a consequence, we cannot
exclude the formation of C2-4-dim-break and C2-4-dim-PT, simply on the basis of the spectra

shown in Figure S13.
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Figure S15: Computed ECD spectra associated with C2-4-dim, (black dashed line) and C2-
4-dim-break (red dashed line), and C2-4-dim-PT (blue dashed line). TD-PCM/M052X/6-
31G(d) transition shifted by -0.6 ¢V and broadened with a Gaussian with hwhm=0.2 eV. Ae

expressed in 10740 esu? cm?.
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