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ABSTRACT Nucleic acid sequences rich in guanines can organize into non-canonical DNA G-
quadruplexes (G4s) of variable size. The design of small molecules stabilizing G4s’ structure is a
rapidly growing area to develop novel anticancer therapeutic strategies and bottom-up
nanotechnologies. Among a multitude of binders, porphyrins are very attractive due to their light
activation that can make them valuable G4s conformational regulators. Here, a structure-based
strategy, integrating complementary probes, is employed to study the interaction between TMPyP4
porphyrin and a 22-base human telomeric sequence (Tel22) before and after irradiation with blue
light. Porphyrin binding is discovered to promote Tel22 dimerization, while light irradiation of the
Tel22-TMPyP4 complex controls the dimer fraction. Such a change in quaternary structure is

found to be strictly correlated with modifications at the secondary structure level, thus providing
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an unprecedented link between the degree of dimerization and the underlying G4s conformational

changes.

TOC GRAPHICS

Tel22-TMPyP4

Porphyrin binding fosters Tel22 dimerization. Such a change at the quaternary structure-level is
found to be strongly linked to modifications of the secondary structure, as revealed by circular

dichroism spectroscopy.
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Dimerization.

G-Quadruplexes (G4s) are non-canonical DNA structures formed by single-stranded sequences
rich in guanines (G).! These motifs shaping up from G-tetrads stacked on top of each other, are
stabilized by monovalent cations (in the order K" > Na* > Li") and connected by looping bases.>>*
A G-tetrad is a cyclic hydrogen-bonded square planar alignment of four guanines, with the
guanines adopting either anti or syn alignments about glycosidic bonds. G4s are highly
polymorphic structures,’ able to take a multitude of different topologies according to the possible
combinations of guanine runs directions, as well as variations in loop size and sequences.®’3%-10

The high degree of polymorphism together with conformational switching properties enable G4s

structural reconfiguration and promote their applications in sensing, analytical biochemistry and


https://paperpile.com/c/f5Otkl/S9gyN
https://paperpile.com/c/f5Otkl/EBybF
https://paperpile.com/c/f5Otkl/eUKFL
https://paperpile.com/c/f5Otkl/TWPQv
https://paperpile.com/c/f5Otkl/ycE8C
https://paperpile.com/c/f5Otkl/IAMVw
https://paperpile.com/c/f5Otkl/6jODu
https://paperpile.com/c/f5Otkl/Vuyet
https://paperpile.com/c/f5Otkl/Vnpve
https://paperpile.com/c/f5Otkl/hPB7y

logic gate development.!!'!? G4s are also of strategic importance in molecular biology and

13,14

biomedicine since they are found throughout the genome and are overexpressed in the

promoter regions of some oncogenes.

Remarkably, in such a context, it was shown that the ligand-induced stabilization of DNA
quadruplexes inhibits the telomerase action and the proliferation of cancer cells.!"'>":18 This is the
reason why interaction of small molecules with G4s is a rapidly emerging strategy in the field of
anticancer therapeutics.!” Among a reservoir of macrocyclic ligands, porphyrins are the most
widely used for G4s. Due to both their shape and size (~ 9 A side, comparable to that of an
individual G tetrad, Figure 1a), they have indeed high affinity for several quadruplexes.?*?! In this
work, we selected the archetypal TMPyP4 porphyrin, known for its ability to downregulate the

expression of genes by quadruplex formation or induction in their promoter region.?>?** Its

biological behavior was also studied against a broad variety of tumor cell lines.?>*6%

When irradiated, porphyrins generate singlet oxygen ('O2), a property largely used in
photodynamic therapy.>**!3? In particular, it was recently shown that, in the interaction with G4s,
singlets preferentially oxidize guanines at the exterior faces, sprouting numerous radicals and
generating, as major end-product, spiroiminodihydantoin.** These products can promote splitting
of external tetrads and subsequent structural rearrangements. Further, it was suggested that light-
induced selective oxidation of the external guanines leads to a reduced telomerase activity in
carcinogenic cells thus promoting telomere shortening.** Therefore, creating new knowledge on
the effect of the interaction between G4s and porphyrins under light exposure will be fundamental
for improving the use of porphyrin derivatives* in phototherapy, where a reactive oxygen is
needed to elicit the death of diseased cells.>> We propose here a strategy to investigate the structure

and interaction between TMPyP4 and the human telomeric sequence AG3(TTAG3:); (Tel22) in
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presence of K" ions (Figure 1b), both in the dark and upon irradiation with blue light. The rationale
of using a K solution is its biologically relevance due to the high intracellular concentration of K*
(~140 mM).?¢ Under these conditions, Tel22 is a mixture of two (3+1) hybrid-type (H) and basket-
type topologies;*’ complexation with small molecules may significantly alter the equilibrium of

these two different conformers.38-3%-40:41.42.43

Our method consists of combining X-ray and neutron small-angle scattering (SAXS and SANS)
techniques with circular dichroism (CD) and UV-VIS absorption spectroscopy, commonly
employed to characterize the secondary structure of biological materials. The goal is to explore the
effect of light irradiation on the structure of the Tel22-TMPyP4 complex. The experimental set-up

for light irradiation is described in the S.I. (Figure S1).

In order to study the binding of TMPyP4 to Tel22, we first measured absorption spectra in the
UV-visible region of an 80 pM solution of TMPyP4 as a function of Tel22 concentration, the latter
ranging from 4 to 120 uM (Figure 1c). The results clearly show an effect of hypochromicity in the
Soret band (~422 nm) up to ~62% and a red-shift of ~15 nm (Figure 1d).**** The fraction of bound
porphyrin was estimated from the change in the ligand absorption at 422 nm (see S.I. for details).
Based on the spectroscopic titration described in Figure 1, and according to the saturation plot

(Figure 1d), we selected a 1:2 Tel22/TMPyP4 ratio for SAXS/SANS and CD experiments.

SAXS was used to study the structural effect of porphyrin complexation before and after
irradiation at 430 nm (Figure 2a). SAXS measurements were complemented by analogous SANS
data (Figure 2b) in order to exclude any X-ray radiation effect on DNA and porphyrin. The pair-
distance distribution function, P(r), was calculated using the GNOM program from the ATSAS

package,*¢ and showed the impact of Tel22-TMPyP4 complexation (Figure 3a).
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Figure 1. Spectroscopic titration. a) Qualitative superposition of TMPyP4 (red structure) and a G-tetrad (green and
purple structure, extracted from PDB entries: 1KF147 and 2A5R*) with a K+ ion (dark green sphere); b) Tel22 from
PDB entry: 1KF1; ¢) UV-VIS absorption spectra of TMPyP4 as a function of Tel22 concentration; d) red-shift of the
Soret band and fraction of bounded TMPyP4. Concentrations of Tel22 range from 4uM to 120 uM, while TMPyP4 is
kept at the fixed amount of 80uM. The dashed line indicates the 1:2 Tel22/TMPyP4 ratio used for CD and

SAXS/SANS experiments.

Before complexation, Tel22 is in a monomeric condition, as evidenced by the determination of a
narrow single feature on the P(r), similarly to what found by in the human telomeric hybrid-2 form
2JSL,* measured at comparable DNA concentration. The increase of 1(0) in the scattering curves
together with the appearance of a shoulder above 40 A on the P(r), witnesses the dimerization of

Tel22 into elongated structures. The process is then enhanced upon irradiation.

A fitting procedure in terms of monomers and dimers**>%° (Figure 3b and Figure S2) revealed the
formation of Tel22 dimers upon binding that count for the ~60 % of the total population (further
details are provided in the S.1.). Irradiation at 430 nm at increasing exposure times progressively
amplifies the dimer population up to ~75%, where a plateau-level is achieved, without change of
compactness, as evidenced by the Kratky plot in Figure S3 in the S.1. The switch from monomers

to a mixture of monomers and dimers after binding, in both dark and light conditions, is also
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evidenced by the much larger values (nearly double) of the radius of gyration, R, and of the
scattering intensity, 1(0), obtained by Guinier analysis*® (Figure 3¢). This result is further supported
by the Porod-invariant method, which is model-independent, used to calculate the molecular

volume of the various samples (S.1.).

Due to the higher sensitivity of X-rays to hydration water and ion clouds around DNA %2 R,
obtained by SAXS are approximately 3 A higher than the corresponding SANS values (Table S1),
which is consistent with the ~2-4 A offset between SAXS and SANS data already obtained for

DNA solutions.>?

It is important to underline that despite the different sensitivity of the two techniques,’> the
overall behavior of the percentage of dimers is the same (Figure 3d), validating the fact that X-ray
irradiation does not affect the observed structure, and that the process is reproducible. The trend
of dimer proportion as a function of irradiation time was fitted with an exponential law, providing

the characteristic rising rate of 1/160 s™! to the plateau-level (Table S2).

Finally, CD was used to characterize, in the same conditions as the SAXS/SANS measurements,
the effects of complexation with TMPyP4 and irradiation with blue light on the Tel22 secondary
structure. CD data are reported in Figure 4a, revealing that the most striking change occurs at the
transition from free to bound form, consistently with what was detected at the larger scale by
SAXS/SANS experiments. This is further confirmed by the raising of the induced CD band (iCD)
around 440 nm (Figure S5 in the S.I.), assigned to a m—x* transition of the tetrapyrrole moiety,
indicating that TMPyP4 is efficiently interacting with Tel22. Light irradiation then increases this

effect, as observed in SAXS/SANS data.
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A method based on the principal component and singular value decomposition analysis of a

reference spectral library of 23 G-quadruplexes of known structure,® was used to quantify the
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Figure 2. a) SAXS and b) SANS patterns for free Tel22 (black symbols), Tel22 after complexation with TMPyP4
(violet symbols) and after irradiation of the complex with 430 nm light during 30 s (cyan symbols), 60 s (blue
symbols), 120 s (magenta symbols), 240 s (pink symbols), and 480 s (orange symbols). The inset enhances the light
effect, showing the difference, normalized to 1(0), between the irradiated (Light) and the non-irradiated (Dark) Tel22-

TMPyP4 SAXS profiles (see also Figure S4).

redistribution of secondary structural elements after binding and exposure to blue light. In
particular, the fractions of base steps in anti—anti, syn—anti, or anti—syn conformations, and in
diagonal or lateral loops were evaluated. The base segments in double chain-reversal loops or
extremal nucleotides that may or may not be piled up onto end quartets were also considered, and
hereinafter referred to as ext. Figures 4b and 4c show, as an example, the result obtained by
constraining least-square fitting of Tel22 CD profile to the principal five secondary basis spectra
(see also Figure S6), the corresponding tertiary structure being compatible with a hybrid-type
mixed parallel/antiparallel G-quadruplex topology.’®>*> The method was applied to all the
solutions. Clearly, the structural features of Tel22-TMPyP4 complexes are affected by irradiation.
Interestingly, the difference between dark and light profiles of Tel22-TMPyP4 samples (Figure S7
in the S.I.) recalls the CD spectrum of dTdA oligonucleotide,’® suggesting that the external

thymines and adenines undergo a post irradiation rearrangement.


https://paperpile.com/c/f5Otkl/7Fmew
https://paperpile.com/c/f5Otkl/r61TB+PjwHu+JSt3p
https://paperpile.com/c/f5Otkl/TssIj

The weighting factors of the principal species, used as basis spectra for simulating the experimental
profiles, are reported in Table S3 in S.I. for all the samples. A correlation/anticorrelation between
the population of dimeric Tel22 and that of ext/syn-anti secondary structures obtained from SAXS
and CD analysis, respectively, emerges from our data (see Figure 5). Remarkably, the linear trend
in the secondary vs quaternary (SQ) correlation plot (dashed line in Figure 5) does not intercept
the point of Tel22 monomer. The variation in the syn-anti and ext fractions upon Tel22-TMPyP4
complexation (~0.5% and ~4%, respectively) corresponds to ~60% change in the Tel22 dimer
fraction, while roughly the same modification upon light irradiation corresponds to only a ~20%
change. This result indicates that the contribution of secondary structural adjustments on the

stabilization of dimers is not the same upon complexation and upon light irradiation.

Both the large Soret band red-shift and the pronounced hypochromic effect in UV-VIS spectra***

hint that, under our experimental conditions, porphyrin interacts with Tel22 via stacking on
terminal guanines or intercalation, favoring the formation of oblong scaffolds, while excluding
interaction via external grooves, which would result in a lower red-shift (< 8 nm) and a lower
hypochromic effect (<10 %).>” Once complexation occurs, light irradiation gives rise to other
structural rearrangements which further promote Tel22 dimeric state up to a value of ~ 75% as
revealed by the SQ plot in Figure 5: as the portion of dimers increases, the ext contribution
increases, whereas the syn-anti species decreases. Indeed, the former population, mainly referring
to terminal nucleotides, is affected by irradiation and is likely to be strongly involved in the
intermolecular contacts stabilizing dimers. Conversely, the syn-anti fraction diminishes, probably
due to the distortion or breaking of the quartets on the external tetrads, giving rise to a larger

population of elongated forms. To shed more light on how the binding of TMPyP4 can cause
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Figure 3. Structural information from SAXS. a) P(r) functions calculated from SAXS data for free Tel22 (Dmax=65
A), the Tel22-TMPyP4 complex (Dmx=108 A) and after irradiation of the complex during 480 s (Dmax=110 A). b)
Experimental and theoretical SAXS profiles for Tel22 and Tel22-TMPyP4. The patterns of Tel22 are finely
reproduced in terms of a cylindrical form factor compatible with the size of a Tel22 monomer; the Tel22-TMPyP4
form factor is described by a mixture of monomers and dimers. c) Rg and I(0), obtained by the Guinier analysis, and
d) percentage of dimers for the Tel22-TMPyP4 complex after irradiation at 430 nm during different exposure times
(dashed lines reproduce the exponential growth of the amount of dimers with a saturation characteristic rate in

agreement with the model-free analysis results reported in the S.1.).

An interaction occurring along the longitudinal axis rather than laterally is further confirmed by
the SAXS results: dimer longer axis is about 80 A (vs. monomer ~36 A), suggesting that porphyrin
molecules occupy a certain space (tetrads spacing enabling intercalation is about 6.4 A??) thus

forming elongated complexes.

Altogether, our results point to a mechanism where Tel22-TMPyP4 complexation drives Tel22

dimerization in the dark state, while light-induced secondary structural changes contribute to
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further increase Tel22 dimer population. In particular: 1) Tel22 complexation with TMPyP4

involves multiple binding sites (i.e by stacking and/or intercalation),?**

and favors up to ~60%
Tel22 dimerization (analogous to what observed for other drugs®®*); ii) irradiation with blue light,
most likely through the oxidation of the external guanines, would induce the separation of some

extremal parts which allows the formation of elongated structures presenting approximately the

same size as the non-irradiated dimers, bringing the dimer population up to ~80%.
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Figure 4. Secondary structure from CD spectroscopy; a) CD signals of free and bound Tel22; irradiated Tel22-
TMPyP4 CD spectra are also reported at the indicated exposure times; b) basis spectra used to deconvolve

experimental CD profiles; ¢) experimental CD spectrum and theoretical reconstruction for Tel22.

In conclusion, our study performed using biophysical tools and concepts revealed porphyrin-
induced Tel22 dimerization that is further enhanced upon light irradiation. Interestingly, the
correlation-plot between secondary and quaternary structural parameters (Figure 5), opens the
possibility to control and predict the fraction of dimers produced during the whole process. Such
control and prediction could be improved by using porphyrin derivatives of increased G4s

affinity>® to optimize the percentage of dimers created. Furthermore, the validity of the SQ plot
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can be tested on ligands acting at the cleft of two quadruplex sequences, causing the dimerization

of G4s within long telomeric repeats that are of strategic relevance in biology.*

Finally, as a future perspective, the combined use of information at different structure-levels will
represent a diagnostic strategy to implement the photocontrol of G4 dimerization and stabilization,
enabling to tune the telomerase activity in cancer cells. The strict correlation that we found can
also be directly employed for tailoring DNA bricks of nanometric size®*"$? for light-switching

reversible applications,® biosensing technologies and nanomedicine design.
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Figure 5. Secondary/Quaternary correlation-plot. Fractions of syn-anti secondary structure (circles, left axis) and ext
secondary structure (diamonds, right axis) obtained by CD spectra analysis as a function of the fraction of Tel22
dimers obtained by X-ray pattern analysis (see main text). A qualitative cartoon representing the dimer-scaffold

formed upon complexation is reported on the right.
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