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Abstract

Guanine radical cation (G**) is a key intermediate in many oxidative processes occurring in nucleic
acids. Here, by combining mixed Quantum Mechanical/Molecular Mechanics calculations and
Molecular Dynamics (MD) simulations, we study how the structural behaviour of a tract
GGG(TTAGGG)s (hereafter Tel21) of the human telomeric sequence, folded in an antiparallel
qguadruple helix, changes when one of the G bases is ionized to G** (Tel21*). Once assessed that the
electron-hole is localized on a single G, we perform MD simulations of twelve Tel21* systems,
differing in the position of G** in the sequence. When G** is located in the tetrad adjacent to the
diagonal loop, we observe substantial structural rearrangements, which can decrease the
electrostatic repulsion with the inner Na* ions and increase the solvent exposed surface of G**.
Analysis of solvation patterns of G** provides new insights on the main reactions of G**, i.e. the
deprotonation at two different sites and hydration at the C8 atom, the first steps of the processes
producing 8oxo-Guanine. We suggest the main structural determinants of the relative reactivity of
each position and our conclusions, consistent with the available experimental trends, can help
rationalizing the reactivity of other G-quadruplex topologies.



1. Introduction
Guanine-rich DNA and RNA sequences can adopt a non-canonical fold, a quadruple helix (G4), where
four guanines (G) are arranged in stacked tetrads, stabilized by Hoogsteen hydrogen bonding
network, and forming an inner channel containing metal cations (such as Na* or K*), which are
fundamental for their stability (Fig. 1).[1, 2] It is assessed that these structures can be present also
in vivo[3] and there is an increasing awareness on their fundamental biological role since they have
been implicated in a range of processes including transcriptional regulation, replication, genomic
and epigenetic instability, telomere functioning, etc.[4-6] Given the importance of all these
processes for the biology and the growth of cancer cells, G4s are becoming more and more
promising molecular targets in cancer therapeutics.[7, 8]
G is the most readily oxidizable base[9] and its ionization energy is reduced by stacking,[10, 11]
making G tracts even more susceptible to oxidation than isolated Gs. It is thus not surprising that
G4s are particularly prone to oxidative damage, induced by the presence of oxidizing agents [12, 13]
or by absorption of light.[14] Very recent experiments have shown that irradiation of DNA by UVC
and UVB light can induce its oxidation without the presence of photosensitizers.[15, 16] This ‘one
photon’ oxidative process is particularly affecting G4 molecules, which have the largest quantum
yield (QY) among the different systems investigated (QY= 3~6 x 103),[17] comparable to the more
frequently occurring photoinduced damaging reactions in DNA (e.g. pyrimidine dimerization).
Moreover, this process produces a highly reactive radical species, G radical Cation, G** (simply
denoted as G* throughout the paper). G* can undergo deprotonation both at N1 and N2 (Fig. 2)
yielding radical species (G-H1 and G-H2, respectively).[13, 16, 18] Moreover, hydration of G* can
lead to the formation of 8-oxoguanine (8-oxo-7,8-dihydroguanine, 8o0x0G),[19] i.e. the most
commonly encountered oxidative marker in DNA.[20] Interestingly, experiments show that G*, G-
H1 and G-H2 species can survive on the millisecond time-scale.[17] On the one hand, we thus have
‘long-living’ radical species that can trigger many other potentially dangerous photochemical
events. On the other hand, the final photoproducts can lead to structural rearrangements of the
G4s, undermining their biological functions. Fully understanding the molecular basis of oxidative
damage in G4s is particularly important, and in this study, we try to make a step in this direction by
performing a thorough computational study of the G4 formed by the human telomeric sequence
repeat GGG(TTAGGG)s, hereafter Tel21 (Fig. 1). Telomeres are G-rich sequences located, as for most
of the eukaryotes, at the end of the chromosomes, playing a key role in many basic biological
processes, from DNA replication, to ageing and apoptosis.[21-23]
By using Tel21 as a test system, we want to address some key questions concerning the structural
basis of the formation and the reactivity of G* in G4. How does the formation of G* affect the
structure of Tel21 and, conversely, how the G4 topology can dictate its preferential location? Do the
observed geometry shifts depend on the position of G*? How does the hydration of different Gs
change upon ionization? We remind that the main reactive channels of G*, i.e. deprotonation and
hydration, critically depend on the presence of water molecules surrounding G*. These general
guestions are potentially relevant also for possible use of G4 in nanotechnological applications,[24-
26] a field of increasing interest, since G* is expected to be a key player in all the processes involving
the transfer of an electron-hole.[12, 27] These issues will be tackled by integrating Quantum
Mechanical calculations [16, 28-40] and Molecular Dynamics (MD) simulations, already extensively
used to investigate G4 systems.[24, 41-48]
In detail, we resort to Quantum Mechanical (QM) /Molecular Mechanics (MM) calculations to study
Tel21 and its 12 derivatives containing one G* (Tel21*) at a different position. After having
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ascertained that the cation is always almost perfectly localized on a single G base, we perform a
thorough MD conformational analysis of Tel21, Tel22 (the sequence AGGG(TTAGGG)s, for which an
experimental NMR structure has been determined[49] and the twelve Tel21* sequences. In our
study we focus mainly on the antiparallel basket topology typically adopted in the presence of Na*
cations. Although the physiological concentration of Na* is smaller than that of K*, in the presence
of the former ion the structural variability is limited, with one topology largely dominant. Moreover,
for Tel21/Na* accurate time-resolved experiments of ionized Tel21 are available.[17] This makes this
system a very useful model for trying to unveil some general structural trends induced by G
ionization. Additionally, in order to get specific insights on the roles played by the folding topology
and the inner cation, we also studied some key positions of Tel21 sequence adopting the hybrid-1
topology [50] in the presence of K* (see Sl for details). Our study shows that the presence of a G*
base always causes some local perturbations of the Tel21 structure and, for some positions, major
structural distortions of the quadruplex structure are observed. We predict that tetrad1 (see Fig. 1),
the one closest to the diagonal loop (DL), is perturbed by the presence of a G* the most, especially
when it is in position 1, 13, and 21 (Fig. 1). The comparison between the conformational behavior
of Tel21/Tel22 and Tel21* provides insights on the driving forces affecting the structural properties
of a sequence containing a G*, such as, for example, the tendency to increase the solvent exposure
of G* and its distance from the inner cations. On this ground, our study gives useful and general
indications on the positions more prone to formation of G* or to its migration following ionization
of another base. The results are relevant not only for Tel21 but also for other sequences and G4
folding topologies. Finally, based on the analysis of the behavior of the different Tel21* species, the
most important factors (e.g. the local structural flexibility, the proximity with the inner Na* ions or
the interaction with the solvent) affecting the reactivity of the different positions with respect to
the oxidative damage are critically discussed in the framework of the available experimental data.
[51]

2. Material and Methods
2.1. QM/MM computational details

To model the Tel21 sequence d(Gs3(TTAGs)s) we started from the basket-type antiparallel G4
structure determined by NMR in solution in presence of Na* ions for the Tel22 sequence (PDB ID
143D, model 1 [49]), which differs from Tel21 by an additional adenine (A) at the 5’-end (Fig. 1). The
Electronic Circular Dichroism spectra of Tel21/Na* and Tel22/Na* are almost superimposable, which
strongly indicates that Tel21/Na* also adopts the basket-type antiparallel topology.[52-54] The 5’-A
truncated Tel22 structure with two manually added Na* ions in the inter-tetrad space (see Section
3.1 below for details), was used as starting geometry for our QM/MM geometry optimizations. The
QM region includes all the G bases in the G4 core, the closest bases of the loops (T5, A6, A12, A18S,
Fig. S1A) and the inner Na* ions. Density functional theory (DFT), with the M052X[55] functional
combined with the 6-31G(d) basis set was used for the description of this region. The rest of the
nucleobases in the loop, the backbone and outer Na* ions were computed at the MM level (amber
force field parm96.dat).[56] Both the regions were coupled using the ONIOM interface.[57] The
whole QM/MM system was embedded in implicit water using a Polarizable Continuum Model
(PCM).[58, 59] This procedure has been successfully applied to previous theoretical studies involving
G4,[16, 29-32] giving absorption spectra for neutral and radical species in good agreement with
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experimental results. After Tel21/Na* ground state optimization, we have optimized 12 different
cationic species, in which the G radical cation was located at the different positions of the G4. All
the QM/MM calculations were performed by using Gaussian package.[60]

2.2. MD simulation details

Models

Our MD simulations used the same starting structure as the QM/MM calculations. When comparing
Tel21 and Tel22 sequences, we numbered the 5’-A in Tel22 as AO in order to keep the same base
numbering. Two Na* ions, not present in the experimental structure used, have been added inside
the channel based on the positions they occupy in the deposited structure of the complex of Tel21
with a ruthenium ligand (PDB ID 2MCO).[61]

In the 143D G4 structure, the planar arrays of four Gs, held together by eight Hoogsteen hydrogen
bonds (h-bonds), are denoted as tetradl (composed of G1, G9, G13, G21), tetrad2 (composed of G2,
G8, G14, G20), and tetrad3 (composed of G3, G7, G15, G19). In this topology there are two lateral
loops, LL, (loopl denoted as LL1: T4-T5-A6; loop2 denoted as LL2: T16-T17-A18) and one diagonal
loop (denoted as DL: T10-T11-A12) (Fig. 1).

We ran a set of 1 us simulations for the neutral systems (Tel21 and Tel22 sequence) as well as for
the 12 cationic systems (Tel21Gx*, x = guanine number along the sequence), each of which
contained a different G replaced by G*. A list of all simulations is in Table S1.

Model 1 of the 143D structure was used as a starting structure for five out of ten simulations for the
neutral system Tel21 (Tel21, Tel21_1, Tel21_2, Tel21_6, Tel21_7) and model 6 was used for four
simulations (Tel21_3, Tel21_4, Tel21_8, Tel21_9). One simulation was initiated based on the
structure most similar to the average structure in the simulations of Tel21G14+ (Tel21_5; Table S1).
When reporting the results for the neutral systems, we shall refer to the averages calculated over
the ten independent trajectories unless otherwise stated.

The cationic systems were prepared by starting from model 1 of the 143D structure and replacing
one G by G*, whose parameters have been developed as described below. We have run a second
simulation for the cationic systems in the outer tetrads (i.e. tetradl and tetrad3), where larger
distortions with respect to the starting structure are observed (denoted as Tel21Gx* 2, x=
1,3,7,9,13,15,19,21). When reporting the results for these systems, we shall refer to the averages
on the two simulations.

With the aim to check our results on a different topology with K* as inner cation, we also studied
the effect of G* on the Tel21 sequence adopting the hybrid-1 G4 structure (PDB ID 2GKU, model 1,
[50]) (Fig. S1B). In this hybrid-1 G4 structure (Tel21K) the tetrads are composed of the following G
bases: tetradl (G1, G7, G15, G19), tetrad2 (G2, G8, G14, G20), and tetrad3 (G3, G9, G13, G21) (Fig.
S1B). We carried out a set of four simulations for the neutral system (Tel21K simulations) as well as
a set of two simulations for three cationic systems (Tel21KGx*, x =7,8,9) (Table S1).

MD simulation settings

Classical MD simulations have been performed by using the Amberl6 package[62] and the OL15
DNA force field.[63, 64] The parametrization of G* consisted of a charge density redistribution
involving nucleobase atoms, on the ground of the RESP charges[65] computed at the DFT
(PW6B95/def2-TZVP) level (see SI for more details). The parameters are given in the Sl (Table S2).
We expect that the main structural effect of G ionization would be essentially electrostatic, related



to the creation of an additional positive charge in the inner part of Tel21, and that can be captured
by a classical force field.

The G4 models were immersed in a truncated octahedral water box with 10 A solvation shell around
the structure. Sodium and potassium ions were added to 143D and 2GKU models, respectively,
achieve electroneutrality. Some water molecules were then replaced with Na* or K* and Cl- ions to
set an ionic strength of approximately 150mM excess salt (equivalent to 10 Na* or 10 K* and 10 CI
ions). The systems were solvated in the SPC/E water model[66] and the parameters for Na*, K*and
Cl are the SPC/E-adapted Joung and Cheatham parameters [67]; the used combination of force-
field parameters have been extensively tested for G4 structures.[68]

MD simulations were carried out in periodic boundary conditions; electrostatic interactions were
treated using the particle mesh Ewald method with a real space cutoff of 9 A.[69] Lennard-Jones
interactions were truncated at 9 A. Berendsen weak coupling thermostat and barostat were used
to maintain constant temperature and pressure of 300 K and 1 atm, respectively. All the systems
were equilibrated using standard protocols previously described.[42] In the final production runs,
the frames were written to the trajectory every 5 ps, resulting in 200000 structures to be analyzed
for each 1 us trajectory.

Trajectory analyses

The trajectories were visually inspected in VMD (version 1.9.3),[70] which was used to prepare
figures together with PyMol (version 1.8.2.0).[71] The analysis of the trajectories was performed
using the cpptraj module of Amber16.[72] The h-bond routine to calculate the occurrence of the
interactions was applied by using the following cutoffs for donor (D)-acceptor (A) distance and
angle: dap<3.3 A, angle DH~A >135°. It is worth noting that any distance/angle cutoff is arbitrary,
nonetheless, we use it for qualitative detection of simulation parts where the h-bonding interactions
are less efficient/strong.

The planarity of the tetrads as well as their automatic identification in the individual structures along
the trajectory was calculated by the G4 module in 3DNA-DSSR [73, 74]. For this analysis, 2000
structures were sorted out in each trajectory by sampling every 500 ps.

In specific cases, to have a more quantitative measure of the geometric distortion of a tetrad (see
Tel21G9* tetrad1 planarity, in section 3.3.1), we calculated the best-fit tetrad plane through the ring
atoms of the four Gs and then we analyzed the angle between the norm of each base and the norm
of the best-fit tetrad plane (out-of-plane deviation angle for each base of the tetrad).

We computed the solvent accessible surface area (SASA) for all the studied systems, a parameter
that has been adopted in the past to analyse the interaction between ions and DNA.[75, 76] We
included both the DNA quadruplex and the two channel Na* and K* ions in the calculation. We used
a standard GROMACS utility,[77] which implements the double cube lattice method with a probe
radius of 1.4 A. By this tool, we could extract the average values of SASA for the subset G ring atoms
(including exocyclic atoms) from the total SASA area. These calculations were carried out on each
trajectory sampled every 20 ps.

The analysis of the interactions of N1(H1), N2(H22), and C8(H8) groups with solvent were carried
out using cpptraj on a trajectory sampled every 50 ps. We monitored direct hydrogen bonds as well
as all proximal waters, which can interact with the base or make the deprotonation reactions easier.
In this context, the thresholds for our selection was set at a distance between the water oxygen
atom (Ow) and the base atom (D=N1, N2, C8) < 3.9 A, and an angle Ow~H-D >90°. For each base and
for each type of interaction (Ow-D), we considered the number of frames of the trajectories where



there is at least one water contact and analysed the averaged values of the Ow-D distances. We also
took into account the average number of interactions between the group and the solvent per frame
(hereafter denoted as fract_wat).

3. Results
3.1. Tel21/Na* and Tel21*/Na*: QM/MM results

We have optimized the geometry of Tel21 and Tel21* at the PCM/MO052X/AMBER level, succeeding
to locate the minimum for all possible locations of the electron hole. We have thus obtained 12
Tel21* minima, differing for the location of the G* base in the sequence (Table S3). Actually, this
analysis has the first important goal of verifying the possibility that the electron hole is partially
delocalized over more than one base.[31] In this respect, our calculations indicate that, for all the
bases, the hole is essentially localized on a single G*, which adopts the geometry very close to that
of an isolated G* base.

The QM/MM calculations do not include the effect of thermal fluctuations of Tel21* and therefore
do not provide insights into possible global conformational rearrangements of G4, since each
geometry optimization simply converges to the first stable local minimum close to that optimized
for the Tel21, as all systems share the same starting structure. On the other hand, the comparison
between the minima of Tel21* and Tel21 highlights some interesting local effects. The presence of
a G* base is mirrored by a shift of the inner Na* ions, which increase their distance from the cationic
base, due to the onset of electrostatic repulsion. Moreover, a well-defined trend in the h-bond
lengths of G* is observed (see Table $3). The h-bond lengths in which G* acts as a donor (i.e. N1-
H1-06 and N2-H21-N7, Fig. 2) become ~10-15% shorter, suggesting an increase of the h-bonding
strength. In contrast, h-bonds involving G* as an acceptor are elongated to a similar extent. These
shifts are fully consistent with the well-known increase of the acidity of H1 and H21 protons upon
ionization of G. At the same time, our calculations indicate that the presence of G* breaks down the
symmetric arrangement of a tetrad, with two pairs interacting more strongly. One formed by G* and
the G base accepting its h-bonds, the other by the two remaining G bases. More details are given in
the SI. To see such profound local rearrangements in QM/MM optimizations indicates that larger
structural effects should be expected when allowing thermal sampling.

The presence of G* can affect also the coordination energy of the Na* ions, which are fundamental
to stabilize G4. The study of the ion coordination to DNA by means of computational approaches is
a very active research field, (see for example [36-38, 75, 76, 78, 79]) and exhaustive review of the
different contributions is beyond the scope of this work. In our case, the G* is well buried in the
guadruple helix and its effect is expected to be larger for the inner Na* ions (depicted in black in Fig.
1), which are closer to G* and not shielded by the phosphate groups and the solvent. Our test
QM/MM calculations (see Table S4) show that G ionization leads to a decrease of the coordination
energy of one inner Na* ion by ca 3 kcal/mol. The ‘outer’ Na* counter-ions are pretty distant from
the G* (> 9 A) and, indeed, our calculations show the interaction energy is almost unaffected by G
ionization (< 0.5 kcal/mol, i.e. well below the expected accuracy of our estimates).

3.2. Conformational behaviour of Tel21/Na* and Tel22/Na*: MD simulations



Simulations of undamaged Tel21 and Tel22 provide a reference for subsequent simulations
analysing the effect of G* bases. As illustrated in detail in the SI, the conformational behaviour of
Tel22 and Tel21 (loop flexibility, tetrad stability, h-bonding interactions, ion positions, etc.; Figs. $2-
S6, Tables S5-S10) is fully consistent to that described in a previous study of Tel22/Na*.[42] The
antiparallel basket-type fold proves to be quite robust also in the absence of the 5’-terminal A as in
Tel21. The three tetrads are well maintained during the simulations (Figs. $2,54,56, Table S5), so
that the departures from the starting NMR structure mainly involve the rearrangement of loops
(Figs. $S3-S4), which are known to be flexible [38] and are not the goal of this work.

The stiffness of the tetrad arrangement is assessed by analysing the h-bonding pattern. Both the
inner and the outer Hoogsteen patterns are fairly stable (Table S5). In particular, the outer pattern
(in greenin Fig. 2), involving N7--N2(H) atoms is strongly conserved during the simulations. The inner
h-bonds involving 06-N1(H) atoms are less frequent (in yellow in Fig. 2).

Among the tetrads, tetrad3 is the stiffest, as well as the most planar (Table S6). Although tetrad3 is
an outer tetrad, both the frequent interactions between LL1 and LL2 via Watson-Crick A:T base
pairing (Fig. 3A, Table S7) and the stacking/h-bonding interactions between LL bases and Gs
contribute to the stability of tetrad3 (Fig. 3A, Table S7) and its shielding from the solvent (Table S9).
On the other hand, tetrad1 is the most flexible, showing the largest deviation from planarity, as well
as containing the bases most exposed to solvent.

The only minor differences between Tel21 and Tel22 simulations involve both the dominant
conformation of the DL (Table S8, Fig. S5) and the solvent exposure of tetrad1 bases (Table S9) due
to the dynamics of both the DL and the flanking AO base in Tel22. For instance, G13 and G1 bases
are less solvent exposed in Tel22, due to both the presence of the A0 base and the G1 backbone
phosphate which partially cover the rings (Fig. S5). Two main conformations are more common for
the DL. One (denoted as conformationl and prevailing in Tel22) is characterized by extensive
stacking of T10/T11/A12/G13 (Fig. 3C, Table S8) and was also previously found among the different
conformations sampled by DL in the benchmark simulations on TTA loops of human telomeric G4s
[42] (see also SI for details). The other (denoted as conformation2 and prevailing in Tel21) is
characterized by stacking of T11/G1 at the 5’-end and of A12/G21 at the 3’-end (Fig. 3B). DL
conformation2 seems to decrease the exposure of G1 (stacking with T11), G21 (stacking with A12)
and G13 (the backbone between T11 and A12 stacks over G13).

Finally, according to our simulations, Na* ions residing inside the G4 channel are not equidistant
from adjacent tetrads, but they are closer to the oxygen atoms (carbonyl 06) belonging to the outer
tetrads, i.e. to tetradl and tetrad3 (Table $10). This arrangement allows minimizing the mutual
electrostatic repulsion between the two Na* ions. This behaviour is consistent with that found by
previous studies showing that small and mobile Na* can adopt a variety of positions inside the GQ
ionic channel,[80-83] including coplanarity with the G bases.[84]

Additional details on the features of the neutral systems can be found in the Sl and are compared
with trends evidenced for Tel21* in the next sections.

3.3. Conformational behaviour of Tel21*/Na* cationic systems: MD simulations

As a next step, we simulated different cationic systems of Tel21, where a single G was replaced by
G*, exploring all the 12 possible positions. As shown by the analysis of the root mean square
deviations (RMSDs) with respect to the NMR starting structure, as well as by the root mean square
fluctuations (RMSFs) of the bases, Tel21* remains folded over the course of the simulations (Figs.



$7-S9). However, we always observe some structural differences with respect to the undamaged
sequence and the extent of the structural distortion induced by the presence of a G* in Tel21
dramatically depends on its position in the sequence. A full detailed report of tetrad properties, loop
flexibility, ion and solvent interactions is given in the S| (Tables S11-S24, Fig. $10). Representative
structures for the twelve cationic structures are shown in Fig. 4 and Figs. $11-S14.

As can be seen, when G* is located in Tetrad2, we never observe significant structural shifts
compared to neutral Tel21. As reported in detail in the SI, in this case, G* leads to some distortion
of the h-bond pattern of tetrad2 (Table S11) and to a modest increase of the average distance
between G* and the inner Na* ions (Table 1, Table S12).

Tetrad3 is more sensitive to the presence of G* than tetrad2. Indeed, in specific positions the h-
bonding network is more perturbed (Table $11) and the increase of the G*/Na*2 ion distance is
generally larger (Table 1 and Table $12). Interestingly, the distance between 06 and Na*2 increases
by 20% for G19*, by 24% for G15*, by 38% for G3 and by 44% for G7* with respect to Tel21 (Table
1). The large increase found for G3* and G7* mirrors a significant distortion of tetrad3. G7* moves
away from the centre of the array and from G19 (Fig. S12), consequently, tetrad3 is lost in 5% of
structures along the Tel21G7* trajectories (Table $13). In the two simulations of G3*, the charged
base can either simply tilt out of tetrad3 plane, thus distorting planarity (0.57 A in Tel21G3*_2 vs.
0.36 in Tel21), or shift away from the centre of tetrad3, thus breaking the tetrad arrangement (in
Tel21G3*, tetrad3 is detected in only 53% of simulation time) (Fig. S12).

Finally, Tetradl is affected by the presence of a G* the most. In one case (G9*) we observe a strong
alteration of the ‘outer’ h-bonding pattern. In the other three systems (Tel21 with G13*, G1*, G21%)
G* leads to disruption of the tetrad (Table S11) and swinging out of one or two bases. (Fig. 4).

In general, the behaviour of the LLs is not significantly different with respect to the neutral systems
(Fig. S8, Table S14) whereas that of the diagonal one shows some differences, which we will discuss
together with tetrad1.

In the next subsection, we give more details about the structural behaviour of the Tel21* systems
where G* is located in tetradl, i.e. those showing the largest distortion with respect to the
undamaged system, while the analysis of the changes in the solvation patterns due to G* is reported
in section 3.3.2.

3.3.1. Tetradl

G1*cation. In Tel21G1* simulation, a first conformational rearrangement takes place within the first
125 ns (Fig. 5A). After ~25 ns, G1* moves slightly away from its h-bonding partners G13 and G9,
destabilizing the G1*:G13 pair and breaking the regular arrangement of the tetrad. At this stage of
the simulation, the distance between G1* 06 atom and Na*1 increases from 2.3 A up to 7 A. A new
stable rearrangement is then reached when G1* moves a little closer to centre of the channel. The
outer h-bonds (N7--N2) are frequently broken, the most persistent one being that in the G9:G21 pair
(Table S11). Inner h-bonds (O6-N1) also rearrange, mainly due to a shift of the G1*:G13 pair with
respect to G9:G21 pair, leading to the establishing of N1--N7 h-bonds between G1:G9 and G13:G21,
and consequent lower occurrence of N1+06 h-bonds (Table S11). Similar distortions in the h-
bonding patterns are observed in the other independent simulation, Tel21G1* 2 (Table S11).
Consequently, in both simulations tetrad1 is not detected in ~20% of sampled trajectory structures
(Table S13).



In Tel21G1* simulation, a more dramatic conformational rearrangement is observed after ~900 ns
(Fig. 5A and Fig. 6A), so that the simulation was extended to 2 ps. At about 950 ns, G13 swings out
of the tetrad plane breaking all its h-bonds to G1* and G21 and leaving a G-triad with regular
Hoogsteen h-bonds (in the range 950-1800 ns, <RMSD+etrad1>= 2 A) (Fig. 5A and Fig. 6A). G13 lays
above the plane, partially stacked over G1*. In the latest 200 ns of the trajectory, the G13 base
moved farther away from the core, becoming exposed to solvent (Fig. S13) as the triad is disrupted
(<RMSDtetrag1>= 4 A) (Fig. 5A). Due to all these events, tetrad1 is present only in 13% of structures in
the range 25-125 ns, in 98% of structures in the range 125-925ns and is never detected in the last
us of simulation (see also Table $13).

G9* cation. Among the simulations with a cation in tetradl, Tel21G9* and Tel21G9*_2 (Fig. 5C and
D) show the least distorted structures. Nonetheless, both of them have higher and more dispersed
RMSD values for tetradl compared to the neutral simulations (Fig. $6) (SRMSDxetrad1>2simu.=0.82 A,
<5.d.>25imu.=0.18 A vs <RMSDretrad1>10simu.=0.69 A, <5.d.>10simu.=0.10 A). The outer h-bond pattern is
less regular than in Tel21 (Tables S11, S5). In particular, the h-bonding in G1:G9* is weakened (on
average, less than one interbase h-bond occurs), hence two more stable pairs, G1:G13 and G9*:G21,
are formed. The weakening of the G1:G9" pair is mirrored by either G9* or G1 moving/tilting out of
the tetradl plane (Fig. 6B and Fig. 4A), with a consequent increase of the corresponding distance
from Na*1. In all the Tel21 systems studied, the G9 base is strongly tilted out of the tetradl plane.
Here in Tel21G9* the G9* ring is inclined at an angle of about 30 degrees (Fig. 6B). Due to the
distortion induced by G9* the presence of tetradl is detected in only the 69% of structures (Table
$13).

G13* cation. In both Tel21G13* and Tel21G13*_2 simulations, in the first 10 ns of the simulation
G13* moves away from the other three bases of tetradl, rearranging its h-bonds with them. On the
same time scale, G13* moves out of the tetrad plane and inserts itself between the DL loop and the
triad G1-G9-G21 (Fig. 4A). In this new arrangement, G13* is packed between the ribose of A12 and
G1 is thus shielded from the solvent (Table 2, Table S16, Fig. $10). The G13* position is stabilized by
a direct interaction between the amino group of G13*and the phosphate oxygens of T11. Along the
simulations, while G1 and G9 still keep some loose h-bonding pairing (Table S11), G21 moves
outward, i.e. away from G1:G9 pair and from the centre of the original tetradl (Fig. 6C), and, in
Tel21G13*_2, becomes fully exposed to the solvent. These distortions are mirrored by the high
RMSD of tetradl with respect to the starting structure (Fig. 5E and F) and attested by 3DNA-DSSR,
which never detects tetradl in Tel21G13* (Table S13).

The electrostatic repulsion between G13* and Na*l appears as an important driving force of the
conformational rearrangement. G13* moves out of the tetrad plane away from Na*l and their
average distance increases (5.8 A) (Table 1 and Table S12). The same occurs to G21 (average
distance 6.9 A, Table $12). Due to these structural shifts, Na*1 gets closer to tetrad2 plane and,
consequently, Na*2 becomes almost coplanar to tetrad3 (Fig. 6C), occasionally moving out of the
inter-tetrad region (Fig. S14A) towards the LL. Further details are provided in the SI.

G217 cation. In both simulations tetrad1 is disrupted within 10 ns (Fig. 5G and H) and it is detected
only in 7% of the trajectory structures (Table $13). G21* moves out of the tetrad core and is no more
stacked to G20 (Fig. 6D). G21* remains h-bonded with G13, but new h-bonds are formed between
G13:G9 and G9:G1 (see Fig. 6D and Sl for details). This global rearrangement leads to the formation
of a triad composed of G1, G9, G13, with G13 stacked over G20. (Fig. 6D and Fig. 4A). Although
being far from the triad, G21* establishes a new h-bond with G9 (06-N2), present in 70% of
structures (Fig. 6D). The new scheme of h-bonds reported in Fig. 6D holds for both simulations, but
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in the last part of the Tel21G21*_2 trajectory (from 850 ns onward), the G21* base breaks all
connections to tetradl and becomes solvent exposed.

Asin Tel21G13*, these shifts are accompanied by a large increase of the distance between G21* and
Na*l (Table 1). After less than 10 ns, G21* and G13 no longer interact with Na*1, which then
approaches tetrad2 (the average distance between Na*1 and tetrad2 bases is 2.4~2.6 A) (Table $12).
Na*2 stays close to tetrad3, but sometimes moves out of the tetrad2/tetrad3 space towards the LL
(Fig. S14B).

3.3.2. Solvent exposure of Tel21*

Next, we have examined the solvation patterns of Tel21*. When the base is charged, we observe
that its solvent accessible area (for the nucleobase and the whole nucleotide) generally increases
compared to the neutral system (Table 2, Fig. $10, Table S15-S16). For three bases (G2, G9, and
G20) the SASA values in Tel21 and Tel21* are lower or comparable, and only for G13 there is a
remarkable decrease of solvent exposure once charged (Fig. S10), simply due to the insertion of
G13* between the DL loop and the triad G1-G9-G21 (Fig. 6C), described above.

As anticipated, the conformation adopted by DL (T10-T11-A12) also affects the solvent accessibility
of tetradl. For example, when the DL is in conformation 1 or 4 (with an extensive stacking involving
loop bases and a tetrad G, see Table S8), the 5’-end G1 and G9 are more solvent exposed (Tables
$9, S16). Also, G13 shows larger solvent exposure, despite its frequent stacking to A12, when DL is
in conformation 1 (Tables S9, $16). On the other hand, for G21 the conformation2 of DL, with the
stacking A12/G21, seems to restrict the exposure of G21 (Tables S9, $16).

We then focus more specifically on the interactions between the solvent and the N1(H), N2(H2),
and C8(H) groups, those critical for the reactivity of G*, since the radical cation can evolve through
the deprotonation of the amino or imino groups or the hydration of C8.

The N1-H1 group is engaged in the inner h-bond pattern of the G-tetrad, hence it is the least
accessible by water molecules, especially in the middle tetrad (tetrad2) (Table S17), even when G*
is located there. The most accessible N1-H1 group in Tel21 is that of G7, whose interaction with
water increases upon its ionization. Other N1-H1 groups showing some interactions with waters in
the neutral state are G1, G13 and G9, with G1 having rather remarkably different behaviour
dependent on the DL conformation. All of these bases, once charged, interact more frequently with
waters, which is also observed for G3* and G21*. In addition, the average distance between N1 of
the charged base and water oxygen (solute-solvent distance) decreases (Table S18) to h-bonding
interaction values (<3.3 A). Therefore, these groups are potential candidates for the loss of proton
from the radical cation.

For what concerns the amino N2-H21-H22 group, we focused on the interaction with waters of the
N2-H22 bond, which is not involved in the outer h-bonds of the tetrad (Fig. 2), and therefore is more
accessible to solvent, even in the inner tetrad2, with the only exception of G3 and G19 (Tables S19,
$20). Comparison with Tel21 simulation does not show any systematic increase of the number of
interactions with the water molecules for G* (Tables $19, S20), but a significant decrease of the
average N2-H22/water distance (Fig. 7A, Table S21). Upon G ionization, it is thus more probable
that the water molecules around the N2-H22 form hydrogen bonds. For the only two positions
where this trend is not observed (G19* and G21* in Fig. 7A) the N2-H22 of G* is h-bonded with its
own phosphate.
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The C8-H8 group is rather exposed to solvent also in Tel21 and its interaction with water is stronger
for G*. The number of frames of the trajectory with at least one water contact with C8-H8 (Fig. 7B,
Table $22) increases; the water molecules are on average closer to the C8 atom (Fig. 7C, Table S23);
the average number of water molecules around C8-H8 group per frame (Fig. 7D, Table S24) is larger.
The positions for which the enhancement due to G* is more significant are G21* (whose C8-H8 group
is already well exposed in the neutral system) and, to a lesser extent, G9* and G7*.

3.4. Conformational behaviour of Tel21/K* and three cationic derivatives: MD simulations
Recent studies show that in K* solution Tel21 undergoes one photon ionization, and the resulting G*
bases can survive on the ms time-scale.[85] In the presence of K*, telomeric sequences are known
to be polymorphic, mainly adopting two hybrid folding topologies, usually labelled hybrid-1 and
hybrid-2, [42, 86] whose equilibrium is modulated by the nature/length of the flanking bases. Since
several folds are probably accessible to Tel21/K* sequence, a full experimental/computational study
on Tel21/K* conformational behaviour falls outside the scope of this study. However, in order to get
preliminary insights on the effect of the folding topology and of the coordinated ion on the structural
behaviour of Tel21*, we compared the structural dynamics of neutral Tel21/K* with those of three
systems, where one G* is at position 7, 8, or 9 (Fig. S1B). We choose these positions because they
exhibit a very different reactivity with respect to oxidative reactions caused by one electron
oxidants. Moreover, the reactivity of these positions is not dramatically affected by the adopted fold
(hybrid-1 or hybrid-2).[51] As detailed in the SI, these calculations confirm the trends we evidenced
for the basket topology. The presence of G*significantly affects the structural dynamics of hybrid-1
Tel21*/K* (for the cations we have examined), as mirrored by the differences of several parameters
(RMSDretrad, tetrad planarity and h-bond pattern) with respect the ‘neutral’ parent compound (Fig.
S15, Tables S25-S27). In one case, for G8*, located in the ‘central’ tetrad, the increase of the
electrostatic repulsion with the two K* ions, leads to the ‘leaking’ of one of the K* towards the
solvent and, consequently, to a large structural instability of the lower tetrad. The minimization of
the electrostatic repulsions G*/K* thus appears a major driving force for the structural
rearrangements, as suggested by the increases of the average distance to the inner K* ion following
G ionization (Table S28). Another important factor is the maximization of the G*/solvent
interactions. MD simulations indeed predict that, whatever its location, G* is better exposed to the
solvent then G (Tables $29-S30).

4. Discussion

Guanine-rich sequences are prone to form G4 structures and at the same time undergo oxidative
damage.[12, 13, 17] Guanine cation (G*) is a key intermediate in many of these processes,[14] which
can be triggered not only by an external oxidizing agent but also by the mere absorption of light,
even in the UVB/UVA.[9] Each oxidative process follows a different mechanism, which is strongly
modulated by a ‘direct’ interaction of the oxidizer and the base.[9] For what concerns ‘direct’
ionization, it has been suggested that an excited electronic state with significant charge transfer (CT)
character is a key intermediate.[32, 87] It is thus clear that each process would require a specifically-
tailored study, and, therefore, characterizing the formation of G* falls well outside the aim of this
paper. We are instead interested in restricting our analysis to the G4 already containing the positive
charge. Indeed, it is known that the positive charge on G* can quite rapidly migrate within DNA to
the base with the lowest ionization potential.[88, 89] At the same time, time resolved (TR)
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experiments on G4, starting from that carried out on Tel21/Na*, show that G* can survive on the
millisecond time-scale,[16, 17] i.e. enough to potentially induce a substantial structural
rearrangement in the G4. Focusing on Tel21/Na*, which adopts a basket-type topology (Fig. 1), we
combine QM/MM calculations and MD simulations to study the structural shifts induced by the
presence of a G* in one of the twelve G bases. Additionally, we check whether our conclusions hold
for another folding topology (hybrid-1) in the presence of K*.

QM/MM calculations on Tel21/Na* indicate that, whatever the position, the charge is essentially
localized on a single G base, tends to repel the inner Na* ions and to perturb the regular h-bonding
pattern of a tetrad. MD simulations show that Tel21* sequences keep a similar fold to the neutral
species and in most of them the eleven G and the single G* bases are arranged in three ‘regular’
tetrads. This is a first important indication: the presence of a G* base is fully compatible with a
guadruple helix, in line with its low oxidation potential.

However, the presence of a G* perturbs the structural behaviour of Tel21 and such a perturbation
dramatically depends on the location of G*. When G* is in tetrad2 or tetrad3, we observe minor
structural rearrangements, which generally increase the solvent exposed surface and the average
distance between the inner Na*ions and G*. The most dramatic changes occur when G* is in tetrad1l.
Whatever the conformation of DL is, we often observe disruption of the tetrad h-bonding and
swinging out of one or two bases. In particular, the most severe effects are observed when the
cationic base is G13, G21 or G1.

Our simulations provide useful indications on the effects responsible of these structural shifts. One
major driving force for all the conformational rearrangements is the electrostatic repulsion of G*
and the inner ions. In all our simulations of Tel21*, as well as in the QM/MM optimized structures,
it turns out that, invariably, the average distance between G* and the Na* ions increases (Table 1,
Table S3, Table S12). The formation of G* introduces an extra positive charge in the ‘interior’ of a
G4, where two cations are already present. At the same time, the electron-donating power of the
carbonyl Oxygen atoms (06) decreases, since magnitude of their partial negative charge is
significantly smaller in G* than in G.

In some simulations with the largest disruption of the G4 arrangement, we have also found a
sporadic movement of the Na* ion out of the space between two tetrads. For instance, it occurs in
both Tel21G13* and Tel21G21* systems (Fig. $14). In these simulations, due to the shifts of G13 and
G21 bases away from the tetrad array, the Na*1 ion gets closer to tetrad2, increasing the repulsion
with Na*2, which sporadically moves towards the LL. This is another key result, suggesting that, on
a longer time scale, the stability of the G4, which critically depends on the presence of inner metal
ions, could be weakened.

The tendency of G* to increase its solvent exposed surface appears to be another important driving
force in our MD simulations.

Simulations of Tel21/K* support the reliability of our interpretative framework. G* perturbs the
structural dynamics of Tel21/K*, leading in some cases to significant structural rearrangements,
which appears to be mainly driven by the minimization of the G*/K* electrostatic repulsions and the
maximization of G*/water interactions.

4.1. Structural effects on Tel21 reactivity in oxidative processes.

In this section, we try to assess how the inclusion of G* at different positions in a G4 of a given
topology affects the reactivity in the possible oxidative processes. First, we observe a striking

13



difference with respect to isolated dG in water, for which H1 deprotonation is strongly favored.[14,
18] G* in a G4 can instead undergo deprotonation also in the amino group (G-H2).[13, 16, 17]
Actually, for the G* species directly produced by one-photon ionization (i.e. without the intervention
of oxidizing agents) its formation is kinetically favored with respect to that of G-H1.[13, 16, 17]
Moreover, as discussed by Fleming and Burrows in a fundamental contribution,[51] when a human
telomeric sequence with 25 nucleotides (Tel25) arranged in a quadruple helix is exposed to different
chemical oxidizing agents, striking differences with respect to the oxidative processes occurring in
B-form duplex DNA are observed. In the presence of one-electron oxidizing agents, two different
reaction pathways are identified. One, leading to 8-oxo-G and to the species produced by its further
oxidation, is started by a water attack to G* at the C8 position.[51, 90] The other involves, as first
step, the attack of 02°~ to the deprotonated G-H radical (which in the free base occurs at N1, i.e. G-
H1).[9, 51, 91-93] Though the outcome of the process depends on the oxidizing agents employed,
the reactivity of the different positions shows interesting trends. One-electron oxidizing agents
preferentially attack the base at the 5’-end [51, 94-96] of each GGG sequence (i.e. G3, G9, G15, and
G21 in their Tel25 sequence, corresponding to G1, G7, G13 and G19 in our study).

When the oxidizing agent is 10,, the more reactive sites are those in tetrad1 and tetrad3.[51] These
general conclusions are valid for different G4 topologies, but the reactivity of the different positions
shows some interesting features. To allow for an easier comparison of our simulations with the
experimental results, the bases in the Tel25/Tel24 sequence will be reported in italics. Using
riboflavin as oxidizing agent in basket-type fold, two positions in the basket-type fold (G3/G1 and
G15/G13) stand out as the most reactive, three/four times more reactive than the two other
positions at the 5’-end (G9/G7 and G21/G19), whereas G9 is largely the most reactive site for the
hybrid-2 and hybrid-1 folds, followed by G3/G1. It is also noteworthy that riboflavin is the agent for
which the production of 2,2,4-triamino-2H-oxazol-5-one (Z) is the largest.[51] The process leading
to Z formation is believed to involve a deprotonated G-H1 radical. Several factors can thus affect
the reactivity of the different sites in the oxidative processes. Focusing on the processes involving a
G* intermediate, we shall briefly discuss the most general ones, i.e. excluding the effects more
related to the specific oxidizing agents and/or the specific folding topology of the G4,[97] which
would require an ad-hoc study.

i) Charge localization. After G is ionized, by directly absorbing UV radiation or due to the action of a
one-electron oxidizer, the hole can in principle rapidly migrate towards the bases with the lowest
ionization potential. Studies on DNA single strand and duplex suggest that within a stacked G trimer,
charge localization occurs preferentially at the 5-end and at the middle base.[98-103] This
observation could explain the reactivity trend observed in Tel25, considering that in G4 hole
localization in the ‘middle’ G base is disfavored by the proximity of the two inner cations.[51]
Experiments on duplex/quadruplex conjugate containing a rhodium-based photooxidant however
show that damage is observed almost exclusively at the external tetrads of the quadruplex, without
a clear preference for the 5’-end bases,[94] but it is possible that the dye can trigger many different
oxidative pathways. Our study cannot give any firm indications on the role played by preferential
hole localization at the 5’ for G4. On the other hand, MD simulations suggest that solvent exposure
and distance from the cations are important effects to determine charge localization, suggesting
that it should be favored for tetradl, followed by tetrad3, and strongly disfavored in tetrad2. These
results can be likely related to the observed small reactivity of the middle tetrad in oxidative
reactions. Some interesting results are obtained also for what concerns the different reactivity of
the sites within tetrad 1 and tetrad3. For example, G7 of Tel21 is the most solvated base of tetrad3,
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whereas G3 and G15 are the least exposed, suggesting that charge localization in the former base is
more likely (Table 2). Similar trends are observed for the hybrid-1 fold with K*. On the other hand,
it is clear that, in addition to the probability of localizing the hole at a given position, it is important
to analyze the possible reactive paths of G*.

ii) H1 vs H2 deprotonation. Our MD simulations confirm that one of the amino protons (H2) is much
more readily accessible to water than the H1 proton. Moreover, a substantial increase of the
exposure of N1-H1 requires a significant rearrangement of the Tel21* structure. Both these
indications are fully consistent with the faster formation of G-H2 found by TR experiments: in Tel21,
G-H2 appears on a few us time scale, and decays with a time-constant ~1 ms .[16, 17] G-H1 appears
instead on a ms time-scale.[16, 17] Incidentally, we are not aware of studies verifying whether -H2
deprotonation can trigger different photochemical processes than -H1 deprotonation, but we
cannot take for granted that they are the same. Moreover, based on our simulations, we can expect
that the deprotonation rate could exhibit complex trends, with some positions deprotonating at
faster rates, and others, those requiring more substantial rearrangements, at slower rates. This
behavior is fully consistent with the results of TR experiments on Tel21, with a part of the G*
population lost on the us time scale and another part decaying on the ms one.[16, 17]
Interestingly, our MD simulations suggest that the relative propensity of G* to undergo -H2 or -H1
deprotonation depends on the position, which severely affects water accessibility to the acidic
protons. For example, some G* positions display relatively frequent N1-H1/solvent interactions: this
occurs for G1 and G7 (whose N1-H1 are already partially exposed in neutral Tel21), as well as for
G13, G21, and G3. Interestingly, G1, G7, and G13 have been found to be particularly reactive
towards oxidative damage in Tel25/Na*. In particular, the high solvent exposure of N1-H1 for G1
and G13 could be related to their relatively larger yield of Z, which is believed to require H1
deprotonation in the presence of riboflavin.[51] Only detailed study of this reaction, considering the
possible fast H2/H1 tautomerization reaction, would however be necessary to firmly assess this
issue.

iii) Structural stability of the cation. Most of the above considerations are strictly valid in the limit
that G* formation does not drive any substantial structural rearrangement of Tel21. As discussed
above, while for some positions, especially in tetrad2, we observe only minor asymmetrization of
the h-bonding patterns, for others major rearrangements are predicted. In this respect, the
flexibility of a given tract of the sequence is a key feature, which could play a major role in
determining the reactivity. On the one hand, it could facilitate the access of the oxidizing species.
On the other hand, the conformational rearrangements induced by the ionization could be easier.
The system would rapidly move to another conformational arrangement, more suitable for a
positively charged base in that position, decreasing the possibility of hole transfer to other bases.
Again, the bases undergoing the largest shifts upon ionization are G1, G13, and G21 in tetradl, and
G3 and G7 in tetrad3.

iv) Solvent exposure. As also suggested in previous studies,[51, 104, 105] solvent exposure appears
to be a key effect in driving both the localization of the hole to a certain position and its subsequent
reactivity. We have shown that simple analysis of solvent exposure of different bases in a given fold
can give important preliminary insights on the reactivity trends (e.g., bases in tetrad1 of Tel21/Na*
are more solvent exposed and more reactive than those in tetrad2, or similarly, the two most
reactive positions towards one-electron oxidizing agents in Tel21/K" are those more exposed to the
solvent (Table $29)).

15



In addition to the ‘global’ solvent exposure, it is important to analyze in detail also the interaction
with the solvent of the different moieties of G*. Any chemical reaction involving G* and the water
molecules, from the deprotonation to the attack at the C8 position of G*, indeed requires the
interaction of water with specific base groups in specific arrangements. For example, we could have
a G* quite exposed to the solvent (and thus favoring localization of the hole), but its C8 group is, at
the same time, shielded from the interaction with the solvent. This is the case of G8* and G15*,
which are rather solvent exposed (cfr. Table 2 with Tables S22, $S24). Moreover, all the syn G* in the
basket topology contain more solvent exposed C8 groups compared to anti G*, with the only
exception of G2* (see Tables S22, S24).

Another key point to be analyzed is the possible presence of water access pathways in the structure.
It is important for any occurring reaction (e.g., the deprotonation), since additional water molecules
could play an important catalytic role. Moreover, it is a hint of possible ways of access of oxidizing
agents. For instance, due to both the flexible A6 base and the A:T pairing between A18 and T5 (Table
S7), which stack on tetrad3 (especially G3 and G15), the approaching of water molecules to the N1
atoms of tetrad3 bases are not the same for the four bases. Indeed, only for G7 base, water
molecules facing N1-H1 groups have rather free access (Table $17) and a shift of G7 out of the
tetrad3 plane could easily points G7 N1 atom towards water molecules, thus contributing to the
higher reactivity of the G9/G7 position in Tel25.[51]

v) Conformational behavior of the loops. The conformational behavior of the loops modulates many
of the effects discussed above. For example, the solvent exposure of tetradl strongly depends on
the DL conformation. Moreover, DL is the most constrained, contributing to the dramatic
conformational rearrangements observed in tetradl for Tel21*. Loops can also interact with the
bases present at the 3’- and 5’-end as shown, for example, by the comparison between Tel21 and
Tel22. Loop bases can also play a key role in any conformational rearrangements observed in Tel21*,
establishing transient or stable interactions with the Gs. Shortly, the conformational behavior of the
loop is not anodyne with respect to the reactivity of G*. On the one hand, this provides an additional
route for the control of the damage. Just to make an example, it could be possible to modulate the
photoactivated reactivity of a base in G4 by using a compound/drug stabilizing a given arrangement
of the loop. On the other hand, this calls for additional studies improving the quality of the force
field in modeling the conformational behavior of the loops.[42, 106]

vi) Charged moieties: ions and phosphate groups. Inner cations also affect the reactivity trends
within a G4.[17, 30] As discussed above, they contribute to decrease the reactivity of the central
tetrads of a given fold, disfavoring the localization of the positive charge. Interestingly, the
possibility of increasing the distance from the inner ions is not the same for all the positions in
tetradl and tetrad3. For example, in tetrad3, G3 and G7 reach a larger distance from Na*2 than the
other two bases. Analogously, in tetrad1, G9* is closer to Na*1 than the other three bases.

The mobility of the ion could play a role, too. For example, the inner cations tend to move farther
from G* and, in two cases (Tel21G13* and Tel21G21*), we find that the ion moves out of the Tel21
inter-tetrad space (tetrad2-tetrad3). Consequently, we can expect that a less mobile ion than Na*
can affect the reactivity at different level (besides altering the folding topology of the G4). This
prediction is confirmed by the simulations performed in the presence of K*. This cation is bulkier
than Na* and, therefore, it has a more limited mobility in the ‘intra-tetrad’ space. As a consequence,
when G* is located in the ‘central’ tetrad, which is sandwiched between two K* ions, the only way
to decrease the strong electrostatic repulsion is to ‘expel’ one of the K* ion from the G4.
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vii) System dependent effects: All the effects we have discussed above depend on the particular fold
adopted by Tel21 and Tel22 in the presence of Na* and, at the same time, the MD simulations we
performed are strictly valid only for the systems we have investigated. Nonetheless, they provide
useful indications on the critical points to be assessed when trying to translate our conclusions to
other systems, as confirmed by the simulations of hybrid-1 with K*. A key issue concerns the length
of the sequence under study. Even in the case for which no significant change in the fold is observed,
the presence of additional bases at the 5’- or 3’-end can affect the reactivity of the bases, especially
those of the outer tetrads. In this respect, the comparison between the behavior of Tel21/Na* and
Tel22/Na* can be very informative. The presence of an additional base (A0) at the 5’-end significantly
shields not only G1 (which is directly bonded to A0), but also G13, partially covered by the G1
phosphate. Analogously, we can expect that in Tel25 the presence of additional two bases at the 3’-
end decreases the solvent exposure of at least G21, altering its reactivity. Moreover, the access of
the solvent to H1 protons could be more complicated, as demonstrated by the absence of -H1
deprotonation found in tetramolecular parallel G4 formed by the sequence TGGGGT in the presence
of K*.[17]

A schematic drawing of the different effects discussed above is shown in Fig. 8.

5. Conclusions

The ionization of G base and, thus, the formation of G*is one of the first and key steps in many
oxidative reactions endangering the genetic code of living beings.[12, 13] Such a process is known
to be easier for sequences containing many closely stacked bases, as those forming G4. The lifetime
of G* (in the us-ms range) is long enough to make it extremely important to get detailed insights on
the effect that G* has on the structure of G4s. Attaining such a goal using experimental techniques
is not trivial, because of the tendency of G* to deprotonate and the small ‘local concentration’ of G*
in experiments performed in ‘physiological’ conditions. In this study, we thus resorted to a
computational approach, combining QM calculations and MD simulations, to study one of the most
important G4-forming sequences, a 21 base-long tract of human telomeric sequence (Tel21) in anti-
parallel basket topology in the presence of Na*ions. The QM/MM calculations indicate that the hole
is essentially localized on a single base irrespective of its position in the structure, i.e. there is one
G* base and 11 ‘almost neutral’ Gs. This result cannot be taken for granted for G4, since for some
topologies partial hole delocalization (i.e. two bases bearing a partial positive charge) is possible.[31]
The MD simulations of the neutral Tel21 (10 independent simulations) and twelve Tel21* systems
(a total of 20 simulations) differing for the location of the G* base indicate that G* provokes a
substantial structural rearrangement when located in one of the four bases adjacent to the DL
(tetrad1), with a G base moving out of the tetrad plane in three positions (G1, G13, and G21, using
the Tel21 numbering). Significant structural shifts are predicted also for two positions (G3 and G7)
of the tetrad3, the one close to the LLs. When G* is located in the inner tetrad we observe only
minor shifts in the h-bonding pattern. Our simulations allow us to highlight the main driving forces
for these shifts, which could also rule the preferential localization of a hole formed within Tel21.
The onset of electrostatic repulsion between G* and the inner Na* ions is expected to play a major
role, as well as the solvent exposure of the different positions. Finally, the local flexibility of the G4
tracts is important, too. On this ground, we can predict which positions are more prone to undergo
oxidative damage and define some reactivity trends that, overall, are consistent with the
experimental indications. It is clear that any oxidative reaction is ruled by different factors and
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deserves a purposely-tailored study. Analogously, for what concerns other topologies, only the
analysis of a given fold and sequence can give firm indication on the reactivity of the different sites.
Our tests on Tel21 adopting the hybrid-1 fold in the presence of K* fully confirm the main conclusions
obtained on Tel21/Na*, revealing that the main chemical/physical effects we have evidenced are
operative with different folding topologies/ions. For the first time, we here thus provide an atomistic
picture of the early steps of oxidative damage in DNA and we expect that the key factors highlighted
in the present study are operative also in other folds and can guide the interpretation of the
observed trends, both in biomedical and nanotechnological applications.
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Table 1. Average distances (in A) between 06 atoms of each base and Na* ions in cationic and neutral system
simulations. The column ‘Tel21 cations’ reports values in the simulations where the respective base is charged. Tetrad
bases and distances are depicted in red, black, and blue for tetradl, tetrad2 and tetrad3, respectively. Values greater
than 2.65 A are denoted in italics and underlined; values greater than 3.0 A are denoted in bold and underlined.

Distance (A)

Distance 06-Na‘l Distance 06-Na*2
Base | Tel22 | Tel21 c::zis Base | Tel22 | Tel21 c:'i::;s
G1 252 | 271 | 3.65 | G3 | 251 | 249 | 3.44
G9 253 | 244 | 267 | &7 | 247 | 248 | 3.56
G13 241 | 238 | 581 | G15 | 243 | 246 | 3.04
G21 245 | 250 | 830 | G19 | 266 | 251 | 3.02
G2 2.68 2.84 2.79 G2 3.19 3.23 3.79
G8 253 | 253 | 291 | @8 | 258 | 253 | 281
G14 273 | 270 | 345 | G1a | 254 | 261 | 3.22
G20 3.06 3.08 3.86 G20 2.66 2.81 3.32
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Table 2. SASA (nm?) per G base ring (including exocyclic atoms) averaged over the trajectories.

SASA (nm?)
Tel22 Tel21 Neutral Tel21 Cations
G1 0.110 0.263 0.353
G2 0.075 0.088 0.054
G3 0.077 0.061 0.172
G7 0.143 0.146 0.161
G8 0.075 0.069 0.162
G9 0.232 0.229 0.184
G13 0.119 0.234 0.114
G14 0.114 0.118 0.142
G15 0.009 0.098 0.188
G19 0.123 0.125 0.166
G20 0.167 0.146 0.120
G21 0.236 0.209 0.718

25



Figure captions

Fig. 1. Schematic representation of Tel21/Tel22 in antiparallel basket-type topology, based on the NMR structure (PDB
ID 143D). Gs with syn and anti orientation of the glycosidic bond are depicted as orange and blue rectangular forms,
respectively. The Thymine-Thymine-Adenine (TTA) residues of lateral loops (connecting adjacent antiparallel strands
arranged on the same face) are shown as grey (LL1) and red (LL2) circles; the residues of the diagonal loop (DL)
(connecting opposite antiparallel strands) are shown in green. The sodium ions in the channel are represented by black
circles. The 5’-terminal Adenine in Tel22 (denoted as AQ) is shown in light blue (dashed line plus circle).

Fig. 2. Tetrad arrangements in the Tel21 starting NMR structure for the MD simulations. Stick representation of (A)
tetradl; (B) tetrad2; (C) tetrad3. Inner and outer hydrogen bonds (between heavy atoms) are highlighted with yellow
and green dashed lines, respectively. As an example, the labels for the atoms involved in h-bonds in a G pair are shown;
only for G1 the labels are for all G atoms. Magenta circles are used to highlight potential deprotonation sites.

Fig. 3. Representative structure of Tel21/Tel22 simulations (closest to the average structure calculated over the
trajectory). The bases of the loops are depicted in different colors: LL1 (grey), LL2 (magenta), DL (green). (A) Overall view
of Tel21. Some recurrent h-bonds displayed by LL1 and LL2 bases are shown in dashed yellow lines; (B) Close-up of Tel21
DL stacking interactions (gray dashed lines) with tetrad1 bases (5’end G1in blue, 3’end G21 in red, G9 and G13 in yellow).
This DL conformation is denoted as conformation2 in the main text; (C) Close-up of Tel22 DL stacking interactions.
Tetrad1 is highlighted in yellow (G13) and light yellow (G1, G9, G21). The additional AO base at the 5’end is shown in
blue. This DL conformation is denoted as conformation1 in the main text.

Fig. 4. Representative structures of cationic systems. (A) Cations in Tetrad1; (B) Cations in Tetrad2; (C) Cations in Tetrad3.
G* is highlighted in purple. Tetrad1 is depicted in cyan, Tetrad2 in yellow, and Tetrad3 in light blue. The representative
structure is extracted from the trajectory as the closest to the average structure (by using rmsd on all atoms).

Fig. 5. Time evolution of RMSD per-tetrad (RMSDtetrad) in simulations of models containing G* in tetradl. (A) Tel21G1%;
(B) Tel21G1*_2; (C) Tel21G9*; (D) Tel21G9*_2; (E) Tel21G13*; (F) Tel21G13*_2; (G) Tel21G21*; (H) Tel21G21*_ 2. The
RMSD is calculated on G ring atoms (including exocyclic atoms) once superimposed one tetrad at a time. The reference
structure is the pdb 143D structure (model 1). Tetrad1 is shown in black, tetrad2 in red, and tetrad3 in green. The time
evolution of the RMSD obtained for Tel21 is reported in the S| (Fig. S6).

Fig. 6. Representative structures of tetradl Tel21 G* systems. (A) Tel21G1*; (B) Tel21G9*; (C) Tel21G13*; (D) Tel21G21*.
In each panel, a close-up of the tetradl h-bonding arrangement is shown on the left; on the right, the whole structure
is schematically represented (the color code from 5’- to 3’-end is blue to red). G* is magenta; Na* ions are grey spheres.
For the sake of clarity, only heavy atoms are shown. In panel D (left side) the bases of tetrad2 in yellow and tetrad3 in
blue are also highlighted as transparent sticks.

Fig. 7. Interactions of N2/C8 groups with waters in Tel22 (black), Tel21 (red) and Tel21* (blue) simulations. (A) Average
distance between water oxygen atoms (solvent Ow) and G N2 atoms (solute) calculated in the structures along the
trajectories where at least one solute-solvent interaction is present (see the text about the criteria for the occurrence
of the interaction); (B) Percentage of frames (out of 20000) which show at least one C8-Ow interaction; (C) Average
distance between Ow and C8 atoms calculated in the structures along the trajectories where at least one interaction
Ow-C8 is present; (D) Average number of C8-interacting water molecules per frame (fract_wat).

The blue triangles correspond to the values for each specific base in the simulations where it is charged. The values for
Tel21 are derived by averaging the mean values calculated for the ten independent trajectories of Tel21 system.

26



Fig. 8. Schematic representation of the different factors affecting the localization of the hole and the reactivity of G* in
quadruplexes. A single arrow connects each factor with one of the outcomes (e.g. cations affect the preferred location
of G*, mainly due to their influence on the topology and the necessity of minimizing electrostatic repulsion). A double
arrow instead denotes the mutual influence between two effects (e.g. the location of G* is easier on regions which can
be more easily distorted and, on the same time, can induce additional distortions).
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