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(Abstract: Metal complexes constitute an important class of
DNA binders. In particular, a few ruthenium polyazaaromatic
complexes are attractive as “light switches” because of their
strong luminescence enhancement upon DNA binding. In
this paper, a comprehensive study on the binding modes of
several mononuclear and binuclear ruthenium complexes to
human telomeric sequences, made of repeats of the
d(TTAGGG) fragment is reported. These DNA sequences form
G-quadruplexes (G4s) at the ends of chromosomes and con-
stitute a relevant biomolecular target in cancer research. By
combining spectroscopy experiments and molecular model-

ling simulations, several key properties are deciphered: the
binding modes, the stabilization of G4 upon binding, and
the selectivity of these complexes towards G4 versus
double-stranded DNA. These results are rationalized by as-
sessing the possible deformation of G4 and the binding free
energies of several binding modes via modelling ap-
proaches. Altogether, this comparative study provides funda-
mental insights into the molecular recognition properties
and selectivity of Ru complexes towards this important class
of DNA G4s.

/

[a] Dr. J. Rubio-Magnieto, Dr. M. Fossépré, Prof. M. Surin
Laboratory for Chemistry of Novel Materials
Center for Innovation in Materials and Polymers
University of Mons-UMONS
20 Place du Parc, 7000 Mons (Belgium)
E-mail: mathieu.surin@umons.ac.be

=

Dr. S. Kajouj, Prof. C. Moucheron

Chimie Organique et Photochimie CP160/08

Université libre de Bruxelles

50 avenue F. D. Roosevelt, 1050 Bruxelles (Belgium)

E-mail: cmouche@ulb.ac.be

Dr. F. Di Meo, Prof. P. Trouillas

INSERM U1248 IPPRITT, University of Limoges

School of Pharmacy, 2 rue du Dr. Marcland, 87025 Limoges (France)
Prof. P. Trouillas

RCPTM, Palacky University

Faculty of Sciences, Slechtitelt 27, 78371 Olomouc (Czech Republic)

[c

[d

Prof. P. Norman, Dr. M. Linares

Department of Theoretical Chemistry and Biology
School of Engineering Sciences in Chemistry
Biotechnology and Health

KTH Royal Institute of Technology

SE-106 91 Stockholm (Sweden)

[fl Dr. M. Linares
Swedish e-Science Research Centre (SeRC)
KTH Royal Institute of Technology
104 50 Stockholm (Sweden)

Dr. J. Rubio-Magnieto

Current address: Bioinspired Supramolecular Chemistry and Materials
group

Departament de Quimica Inorganica i Organica

Universitat Jaume I, Avda Sos Baynat s/n, E-12071, Castellé (Spain)

[e

lg

Supporting information and the ORCID identification number(s) for the au-
@ thor(s) of this article can be found under:
https://doi.org/10.1002/chem.201802147.

Chem. Eur. J. 2018, 24, 15577 - 15588 Wiley Online Library

15577

Introduction

Specific Guanine-rich DNA sequences can form four stranded
structures called G-quadruplexes (G4s), which were first de-
scribed by Gellert et al. in 1962." G4 structures involve stacks
of G-quartets formed by the association of four guanine bases
in a plane, linked together by Hoogsteen hydrogen bonds.
Monovalent cations, such as K™ or Na™, can stabilize G4 struc-
tures by coordinating the oxygen of the carbonyl groups.
There exists compelling evidence that DNA G4s are formed in
human cells,” in particular at the ends of chromosomes that
are known as telomere regions and in the transcriptional regu-
latory regions of many oncogenes, and which therefore makes
them very interesting biomolecular targets. Indeed, the telo-
mere regions in all vertebrates are composed of a repetition of
a G-rich DNA sequence, namely d(TTAGGG),.”! Although the
majority of telomeric DNA is double stranded, the 3" extremity
is a guanine rich single strand known as G-overhang, and the
length of this single-strand varies between species from 12 to
several hundred repeat units.”! Telomeres have a protective
role against events causing genetic instability that result in
damage, recombination, or inter-chromosomal fusions.”’ Telo-
meres also protect the genetic material during cell division
and are linked to the limited potential for a cell to replicate.
Indeed, in human somatic cells, telomeres are shortened with
each cell division with about 50 to 200 bases, due to the inabil-
ity of the DNA polymerase to fully replicate. When the erosion
limit is reached, the cell cannot continue to divide and enters
a state of senescence. However, maintenance mechanisms of
these telomeres exist that reverse this gene shortening effect
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and thus increase the cell replication capacity. In human cells,
the function of telomerase is to add multiple copies of 5'-
GGTTAG-3" sequence. The telomeric end with its guanine-rich
single strand seems particularly suitable for the formation of
G4 structures. Indeed, it has been demonstrated that the for-
mation of G4 structures in the telomeric single strand region
can inhibit telomerase activity and this makes them important
as therapeutic targets.”

The search for new molecules able to stabilize G4s has
become an active field of research in anti-cancer drug
design.”? This includes notably planar p-conjugated mole-
cules,”® porphyrins and phthalocyanine derivatives,*® and co-
ordination complexes."” It has been demonstrated that coordi-
nation complexes (e.g., with Ru", Ni', Zn", Mn" metal centers)
can strongly and selectively interact with DNA G4.1% |ndeed,
Ru complexes offer potential benefits in the field of medicinal
chemistry because of their notable interactions with DNA.'?
For instance, the well-known [Ru(bpy),dppz]*" (bpy = 2,2"-bi-
pyridine; dppz= dipyrido[3,2-a:2',3-c]lphenazine), known as a
“light switch”, was shown to intercalate in between DNA base
pairs by means of its planar ligand ddpz."¥ Recent results high-
lighted a light-switch effect with human telomeric DNA se-
quences, where this metal complex showed a preferential
binding to G4 structures (stabilized by Na® or K¥) over an i-
motif." Its analogue, [Ru(phen),dppz]** (phen= 1,10-phenan-
throline) also demonstrated an ability to stabilize G4 structur-
es."41] Since the ionic strength around the G4 structure is
more important than the one around DNA duplexes,"® bi- or
multi-nuclear complexes seem to be promising candidates to
efficiently interact with G4. For example, the binuclear complex
[(bpy),Ru(tpphz)Ru(bpy),]*" (tpphz= tetrapyridophenazine)
can induce an anti-parallel G4 formation in the absence of
alkali cations."” The two isomers of the binuclear ruthenium
complex [(Ru(phen),),tpphz]**, which possess the same affinity
to duplex DNA, are other examples that show enantioselective
binding with G4 structures." In this context, we previously de-
signed a binuclear complex [(TAP),Ru(TPAC)RU(TAP),]*" (TAP =
1,4,5,8-tetraazaphenanthrene; TPAC= tetrapyrido[3,2-a:2',3'-
c:3",2"-h:2"",3""-jlacridine) able to photo-react with DNA du-
plexes and G4s; the photo-crosslinks between the TAP ligands
and the guanine bases strongly stabilize a human telomeric se-
quence G4, a key point to inhibit the telomerase activity.'”

In this paper, we report a comprehensive study of the bind-
ing modes and selectivity of a series of Ru complexes poten-
tially able to interact with DNA G4, in particular G4 forms of
the human telomeric sequence. We aim at identifying the com-
plexes with the highest potential for interaction and stabiliza-
tion of these biomolecular targets. To achieve this goal, differ-
ent types of complexes have been studied (Scheme 1): homo-
leptic complexes such as [Ru(TAP);]** and [Ru(phen);]**, and
heteroleptic complexes [Ru(phen),PHEHAT]** (PHEHAT = 1,10-
phenanthrolino[5,6-b]-1,4,5,8,9,12-hexaazatriphenylene) with an
extended planar ligand and its binuclear analogue
[(phen),RUPHEHATRu(phen),]**. This series allows us to deci-
pher the structural parameters driving the Ru complex specific-
ity towards human telomeric G4. The Ru complexes studied
here are in the form of mixtures of optical isomers (i.e., mix-
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Scheme 1. Chemical structures of the Ru complexes under study:
[Ru(TAP),1**, [Ru(phen);]**, [Ru(phen),PHEHAT]*", and
[(phen),RUPHEHATRu(phen),]**.

tures of D and L for mononuclear complexes, and DD, LL,
LD for the binuclear complex), and this study is focused more
particularly on the differences of binding for complexes of dif-
ferent shapes and charges. By combining complementary ex-
perimental and computational approaches, this study provides
new insights into the binding modes, recognition mechanisms,
affinity, and selectivity of various Ru complexes towards DNA
G4s.

Experimental Section

Synthesis and Characterization: [Ru(phen),]*"-2CI"§ commercial-
ly available and was purchased from Sigma Aldrich, [Ru(TAP),]**
-2C15 [Ru(phen),PHEHAT]**-2CI"and the binuclear [(phen),Ru-
PHEHAT-Ru(phen),]**-4CI=vere synthetized according to proce-
dures described in the literature.”*?? All of the chemicals and sol-
vents (reagent grade quality or HPLC grade) were used without
further purification. All of the reaction mixtures were protected
from direct light during the synthesis to prevent photochemical
degradation. Oligonucleotides (ODNs) were purchased from Euro-
gentec (Belgium) with the highest purity grade (UltraPureGold™,
RP -HPLC, >95% pure in sequence) and the composition of ODNs
was checked by MALDI-ToF. A Tris-EDTA buffer (TE buffer) at pH 7.4
was prepared by using 10 mm Tris (tris(hydroxymethyl)aminome-
thane), 1 mm EDTA, and MilliQ water. Each ODN was dissolved in a
volume of TE buffer at a concentration of 100 mm (expressed per
strand). After addition of the buffered solution, the ODN samples
were centrifuged during 2 min at 2000 rpm. Small volumes of this
solution were used to prepare different aliquots, on which were
added TE buffer, or TE buffer +KCl (3m) or +NaCl (3m) in order to
obtain a final volume of 300 mL and solutions in pure TE buffer or
TE buffer+100 mm K* ions or TE buffer+100 mm Na™ ions, re-
spectively. The solution was then mixed using a vortex mixer. The
concentration of the aliquot of ODN in the buffer solution was de-
termined by UV/Vis at 25 °C using the specific extinction coefficient
at  260nm (e of Tel22 (d[AG4(T,AG,)]), which is
228500 Lmol™¢tm ™ The Ru complexes were also dissolved in TE
buffer (pH 7.4, 10 mm Tris buffer and 1 mm EDTA) or in TE buffer +
100 mm KCl or NaCl and the molar ratio between Ru-complexes
and DNA was adjusted using the calculated molar concentrations
of DNA (around 7 mm). The solutions of Ru complexes were added
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to the DNA solutions and were stirred using a vortex during 2 min
and allowed to equilibrate for 30 min.

UV/Vis absorption and Circular Dichroism spectroscopy: The UV/
Vis absorption and Circular Dichroism (CD) measurements were re-
corded using a Chirascan™ Plus CD Spectrometer from Applied
Photophysics. The measurements were carried out using 2 mm su-
prasil quartz cells from Hellma Analytics. The spectra were record-
ed at 5°C (temperature at which the equilibrium was strongly shift-
ed towards the folded forms) between 210 and 650 nm, with a
bandwidth of 1 nm, time per point 1s and 2 repetitions. The buf-
fered water solvent reference spectra were used as baselines and
were automatically subtracted from the CD spectra of the samples.

Fluorescence Resonance Energy Transfer (FRET) melting assays:
FRET melting assays were performed according to Mergny et al.,”*
using a synthetic double-dye labelled oligonucleotide called F21T
5'-FAM-GGG(T,AGs3);-TAMRA-3" (purchased from Eurogentec, Bel-
gium). The solutions were prepared at a concentration of around
0.3 mm (ODN concentration) in 10 mm lithium cacodylate buffer
(pH 7.2) in presence of 10 mm KCl+90 mm LiCl (K" medium) or in
presence of 100 mm NaCl (Na® medium). The solutions were first
heated to 90°C for 3 min in the corresponding buffer conditions
and then put on ice to support the formation of G4 secondary
structure. For preparing the mixtures, the Ru complexes were
added at concentrations of around 1 mm and 3 mm, to reach molar
ratios of 1:3 and 1:10 in F21T:Ru complex, respectively. The mix-
tures were equilibrated at 25°C during 5 min. The FRET spectra
were measured using a Chirascan™ Plus CD Spectrophotometer
equipped for fluorescence measurements. The samples were excit-
ed at 492 nm and the fluorescence emission spectra were collected
between 500 and 700 nm. The temperature was varied from 25°C
to 96°C at a rate of 1°Cmin"™'The melting of the F21T was moni-
tored by measuring the fluorescence of FAM (at 516 nm), as de-
scribed in Ref.[23]. The FAM emission intensity was normalized
and DT,,, was defined as the temperature for which the normal-
ized emission equals 0.5. For the selectivity studies, a solution of
10 molar equivalents of a dsDNA competitor ( [31hm in double-
strand) was added into the F21T/Ru complex solution and the final
solution was equilibrated at 25°C during 5 min. The dsDNA com-
petitor (ds26) is a 26 base pairs with sequence: 5-CAATCGGATC-
GAATTCGATCCGATTG-3," hybridized with its complementary se-
quence (purchased from Eurogentec).

Luminescence lifetime measurements. Luminescence lifetime
were determined by Time-Correlated Single Photon Counting (TC-
SPC) using an Edinburgh Instruments LifeSpec-Il equipped with
F900 CDT software. The instrument includes a laser diode (PDL445)
as excitation source for which the laser pulse length is lower than
100 ps. The Hamamatsu R3809U-50 detector possesses an intrinsic
instrumental response lower than 25 ps and a spectral coverage
from 250 to 850 nm. In normal measurement conditions, the back-
ground noise is about 10 shots. The experimental data were fitted
by a multi-exponential decay as described by Equation (1):

o v Ap Y Bexpdt? 51b

with A, an arbitrary constant; B, a pre-exponential factor propor-
tional to the quantity of i species with a luminescence lifetime t.
The percentages of different luminescence lifetimes t;, are given by

the ratio of pre-exponential factors, %; Y4 ZB - When experimental
gl

data are fitted with multi-exponential decay, an average lumines-
cence lifetime, as described in the equation below, can be used to

. 86, TP .
discuss the data. t,, 1/42’278 Ru complexes were also dissolved
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in TE buffer (pH 7.4, 10 mm Tris buffer and 1 mm EDTA) 4+ 100 mm
KCl or NaCl and the molar ratio between Ru-complexes and DNA
was adjusted using the calculated molar concentrations of DNA.
The solution of Ru complexes was added to the DNA solution and
was stirred using a vortex at vigorous speed during 2 min and al-
lowed to equilibrate for 30 min.

Molecular modelling and simulations: Force field parameters of
[Ru(phen);** and [Ru(phen),PHEHAT** were derived from
GAFF?Y and quantum-chemical calculations at the B3LYP/6-31+
G(d,p)/LANL2DZ level. The LANL2DZ effective core potential was
used for ruthenium and the all electron 6-31+ G(d,p) basis set for
carbon, nitrogen and hydrogen. Parameters of bonds, angles and
dihedral angles involving Ru were derived from the work of Norrby
et al” and which were later also used by Rothlisberger et al.*®
and Thomas et al."® Optimized geometries were used to calculate
the RESP (Restricted ElectroStatic Potential) partial atomic charges
at the Hartree-Fock level of theory with the basis set described
above. The Ru partial atomic charge depends strongly on the
adopted level of theory, and it was fixed at +1.41e during the
RESP calculation in agreement with the previous work of Thomas
et al"® The adopted Tel22 antiparallel and hybrid G4 structures
were initially obtained from the PDB database (PDB ID: 143D and
2H79)®” and further optimized in our previous work.”® The AMBER
ff99SBbscO force field® was used to model the G4 structures.
Water molecules were described with the TIP3P model.”” The cut-
off distances for explicit Coulombic and van der Waals’ interactions
were set to 12 A and the size of box was chosen as to avoid self-in-
teractions. Molecular dynamics (MD) simulations were performed
on pure G4 structures as well as 1:1 G4:[Ru(phen);]** and G4:[Ru(-
phen),PHEHAT]** complexes. For each 1:1 G4:Ru complex to be
modeled, between four and six binding modes (or starting points)
were initially considered (as detailed in the Supplementary Infor-
mation). A box with pure water used for solvation was initially
equilibrated in a 100 ps long (N,RT)-MD simulation, resulting in a
density of 0.99 gcm ™' Then, unbiased (N,A7)-MD simulations were
carried out for 200 and 300 ns, respectively, for solvated G4 struc-
tures and solvated 1:1 G4:Ru complexes. The particle mesh Ewald
(PME) MD simulations were carried out using the SHAKE algorithm.
The temperature was maintained using the Langevin thermostat
with a collision frequency of 1 ps™'Isotropic pressure scaling was
used in which the pressure relaxation time was set at 1 ps, using
the Berendsen barostat. Conformational analyses were carried out
using the cpptraj software over the last 100 ns.®” The theoretical
assessment of DNA unbinding free energy (DG,,ine) between Ru
complexes and DNA was performed using potential of mean force
(PMF) calculations. For each conformation, 100 constant-velocity
steered MD (SMD) simulations were carried out from 10 different
replicas extracted from the last 50 ns of the unbiased MD simula-
tions. For each SMD, Ru-based ligands were pulled away from G4.
Using a harmonic bias potential by which the force constant was
set at 7.2 kcalmol™ A ™ and applied to the distance between the
centers of mass of () Ru-ligand and (i) DNA interacting with Ru-
ligand at a pulling velocity of 1 ms™(or 10 Ans™)! This allowed
the use of a rather limited number of samples (i.e., 100 replicas per
system).®” The binding free energies were assessed according to
the isobaric-isothermal Jarzynski equality,*? that is, he ™ ¥ e ™0,
Statistics on free energy calculations was obtained from the block
average of ten blocks of ten trajectories.®™ It is important to note
that absolute free energies are only discussed semi-quantitatively
owing to the questionable robustness of absolute binding free en-
ergies calculated by steered MD. However, since the bias arising
from steered MD is the same for every system, this approach is
considered reliable for relative comparisons made to rank the dif-
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ferent binding modes. The total MD simulation time for PMF calcu-
lations was 3.6 ms (total unbiased and biased MD simulation being
thus 7.8 ms).

Results and Discussion
G4 structure of the human telomeric DNA

The sequence of the G4 selected in this study is
d[AG;(T,AG;);], a 22-base sequence hereafter named Tel22.
This human telomeric sequence can adopt different intramo-
lecular G4 conformations depending on the aqueous solution
conditions. In presence of Na® ions, this sequence forms an
antiparallel “basket-type” structure, as elucidated by D. Patel
et al. using NMR (PDB ID 143D, see Figure 1d).”’? This struc-
ture is characterized by a regular strand alternation and the
presence of one diagonal and two lateral loops.”’#*¥ In pres-
ence of K*, this DNA sequence presents a large polymorphism.
A first structure was obtained by Neidle et al. using X-ray dif-
fraction; it exhibits parallel strands and “double chain reversal”
loops.P¥ However, the relevance of this structure was much
discussed since the crystallization conditions may have influ-
enced the formation of this particular structure. Nowadays, it is
considered that in presence of K*, there is a mixture of parallel
and anti-parallel G4 conformations, in a dynamic equilibrium
between hybrid structures, as determined by NMR (PDB ID
2HY9, see Figure 1b).%¥ Those structures exhibit one “double
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Figure 1. CD spectra of Tel22 recorded at 5°C in a) TE buffer-K* and ¢) TE buffer-Na™*
(pH 7.4), in the presence of [Ru(TAP);]*", [Ru(phen);1*", [Ru(phen),PHEHATI*" and
[(phen),RUPHEHATRu(phen),]*" at 1:10 molar ratio in Tel22:Ru. Three-dimensional NMR
structures of the b) mixed parallel/antiparallel structure (PDB ID: 2HY9, with K*), and

d) antiparallel basket G4 (PDB ID: 143D, with Na*). Phosphate backbone and sugar moi-
eties are depicted by the orange ribbon and filled gray rings, respectively. Bases are rep-

resented with filled rings. Images were rendered with PyMOL.
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chain reversal” and two parallel loops. The intramolecular
G4 structures can be observed by CD experiments, as each
conformation possesses a characteristic CD spectrum (see
black lines in Figure 1a,c). The CD spectra of Tel22 in Na*
medium shows a positive peak at 295 nm and an intense neg-
ative peak at 260 nm, characteristic of its anti-parallel confor-
mation. In contrast, in a K* medium, the CD spectra of Tel22
presents a positive maximum at 290 nm, a plateau at 265 nm,
and a negative peak at 240 nm, characteristic of the hybrid
structure.

Binding of Ru" complexes to Human Telomeric G4-DNA

Buffered aqueous solutions of Tel22 were mixed with each Ru
complex (Scheme 1), and their binding was studied by UV/Vis
absorption and CD spectroscopy with increasing concentra-
tions of Ru complexes, expressed in molar equivalents per
Tel22 (at 0,08, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 molar ratios, see Fig-
ure S1-S7 in the Supporting Information). The results are pre-
sented below for each type of G4 structure, that is, with solu-
tions containing either Na® or K* ions. Given the difficulty to
obtain enantiopure samples for each Ru complex under study,
all the complexes experimentally studied here are in the form
of a mixtures of optical isomers (i.e., D and L for mononuclear
complexes), as for other studies on the binding of Ru com-
plexes to G4s.""“*'! However, differences in terms of binding
modes could occur for D or L isomers, as observed for the
binding of Ru complexes to double-stranded DNA or
other types of G4s.'297

With K*

Figure 1a shows the CD spectra of the Tel22:Ru
complex mixtures at 1:10 molar ratios in K™ medium.
In the case of binding to [Ru(TAP);]**, the intensity
of the peak around 293 nm, characteristic of the anti-
parallel G4 folding, decreases, which indicates that
the antiparallel G4 is destabilized (Figure 1a and Fig-
ure S2-S3 in the Supporting Information). Moreover,
the presence of a new positive peak at around
275 nm, which increases with the concentration of
[Ru(TAP),;]** (Figure S2-S3) and the presence of a
slightly negative band at around 236 nm could sug-
gest a larger extent of parallel G4 conformations.
The most substantial changes occurred when
[Ru(phen);]** is mixed with Tel22 (see green line in
Figure 1a). The negative band at 265 nm (character-
istic of the antiparallel conformation) increased
sharply, and a positive band appeared at around
272 nm. However, the presence of a slightly negative
band at around 240 nm is more characteristic of the
parallel form, suggesting that a mixture of antiparal-
lel and parallel G4 conformations remain. Note that
the changes in CD signals in the spectral range
where the DNA absorbs could also arise from a pref-
erential binding of one of the Ru complex enantio-
mers (D or L), since it shows strong absorption
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in the 200-300 nm region. Interestingly, with [Ru(phen),;]**, an
induced CD (ICD) signal is observed in the region around 450-
500 nm, where only the Ru complex absorbs (see Figure S4).
The ICD signature may be indicative of the interaction mode
with G4 or a preferential binding for one of the enantiomers D
or L for these G4.5%3* Remarkably, both ICD signals and CD
signals in the spectral region of DNA persisted when the solu-
tion was heated over 60°C, as shown by variable-temperature
CD experiment (Figure S4). Regarding Tel22:[Ru(phen),-
PHEHAT]**, we observed a new positive peak at around
270 nm and two negative peaks at around 257 nm and
280 nm up to 1:7 molar ratio (Figure S2). Further addition of
heteroleptic complex vyields the diminishment of these
new bands (Figure 1a). For the binuclear Ru complex,
[(phen),RUPHEHATRu(phen),]**, no spectral changes were ob-
served up to 1:7 molar ratio (Figure S2), which suggests that
the conformation of Tel22 was maintained. Upon addition of
more equivalents of the binuclear Ru complex (up to 10), a
negative CD signal appeared at around 260 nm (Figure 1a).

With Na*

The same studies were performed in NaCl solutions (Figure 1c¢),
where Tel22 adopts an anti-parallel G4 conformation (Fig-
ure 1d). For CD spectra of Tel22 with [Ru(TAP);]**, we did not
observe any change compared to the CD spectra of pure
Tel22 (Figure 1c and Figure S5-S6). In contrast, the addition of
[Ru(phen);]** to Tel22 shows significant changes in CD spec-
tra: the characteristic CD signal at 260 nm is red-shifted
(around 4 nm) and sharpened, whereas the positive peak at
around 295 nm is broader. For mixtures of Tel22 and
[Ru(phen),PHEHATI**, we observed a decrease of the negative
CD signal at 260 nm and the positive one at 295 nm, while the
positive CD signal at 240 nm disappeared completely at a 1:1
molar ratio (Figure S5-S6). Finally, the interactions between
Tel22 and the binuclear complex [(phen),RUPHEHATRu-
(phen),]** at 1:3 molar ratio did not show important changes
in the positions and shape of the CD spectra. However, upon
increasing the concentration of Ru complex in the mixture,
there is a decrease in the intensities of the 260 nm and
295 nm CD bands, and an increase of the positive CD signal at
240 nm. For the four mixtures, we did not observe ICD signals
in the range where the Ru complexes absorb (Figure S7), in
contrast to Tel22:[Ru(phen);]** in solutions with potassium.
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Stabilization of Human Telomeric G4-DNA by Ru complexes

To further characterize the molecular recognition of Tel22 by
Ru complexes, FRET melting assays were performed. The FRET
melting assay allows us to evaluate the stabilization (related to
the affinity) of G4 ligands by measuring, using fluorescence
spectroscopy, the melting properties of a double-dye labeled
oligonucleotide, which shows FRET between the two dyes only
when the oligonucleotide is folded in the G4 conformation
(see sketch Figure $8).*% The oligonucleotide sequence was
end-capped with a fluorescein dye (FAM) at 5-end and a tetra-
methylrhodamine (TAMRA) at 3’-end: 5'-FAM-GGG(T,AGs;);-
TAMRA-3" (F21T), which is a very similar sequence of
Tel22,°4*¥ and mimics the human telomeric repeat, allowing
an intramolecular folding into a G4.%%*% This modified human
telomeric sequence is widely studied in literature for assessing
the stabilization of G4-DNA by ligands.”>2>3%4% A first heating/
cooling cycle of pure F21T is carried out, and after that the
studied Ru complex is added to the solution. A new heating
cycle of this mixture allows the determination of the half-melt-
ing temperature (T,,) by following the emission of the donor
dye (i.e., FAM), which increases when the G4 structure unfolds
as a function of temperature.”® Importantly, the half-melting
temperature difference (DT,,,) between the pure oligonucleo-
tide (F21T) and the same oligonucleotide bound to a ligand,
gives us a quantitative analysis of the stabilization effect in-
duced by the ligand, and also a semi-quantitative evaluation of
ligand binding affinity.*>'%*"" Note that the values reported
here represent average values for the binding affinities of the
optical isomers for each Ru complex (i.e., mixtures of D and L
for mononuclear complexes, and DD, LL, LD for the binu-
clear complex). The FRET melting assays, as expressed by fol-
lowing the normalized FAM emission of F21T at different molar
ratios in Tel22:Ru complex (1:3 and 1:10) in either Na™ or K*
environment, show that homoleptic [Ru(TAP);]** and
[Ru(phen);*" complexes do not stabilize the G4 conforma-
tion: the DT,,, values of F21T-[Ru(TAP);]** complex and F21T-
[Ru(phen);]** complex are around 0-1°C (Table 1, Figure 2,
and Figures S9-S10). Interestingly, the two heteroleptic ligands,
[Ru(phen),PHEHAT]*" and [(phen),RUPHEHATRu(phen),]**,
show a large increase of the DT, (i.e., stabilization of the com-
plex with respect to the F21T alone), ranging from a minimum
DT,,, of 13°C to a maximum of 27°C at 1:3 molar ratios. This
stabilization was observed also when higher concentrations of
complexes (1:10 molar ratio) were used both in Na™ and K*

Table 1. Half melting temperatures T,,, and half melting temperature differences DT,,, (in °C) from FRET melting assays for each Ru complex, at various
molar ratios in F21T:Ru. T/, of pure F21T is 46 °C in solutions containing Na*, and 51°C in solutions containing K*.
Complex with Na™ with K*
1:3 1:10 1:3 1:10
F21T:Ru F21T:Ru F21T:Ru F21T:Ru

T‘\/Z DT]/Z T‘\/Z DT]/Z T‘\/Z DT]/Z Tl/Z DT]/Z
[Ru(TAP),1** 46 0 46 0 56 5 51 0
[Ru(phen);]** 47 1 47 1 52 1 53 2
[Ru(phen),PHEHAT]** 68 22 64 18 78 27 82 31
[(phen),Ru PHEHATRu(phen),]*" 67 21 72 26 64 13 76 25
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Figure 2. Up: Melting curves of 200 nm F21T in K™ conditions in the presence of a) 1 mm Ru complexes and b) 3 mm [Ru(phen),PHEHAT]>*-F21T complex with-
out and with the presence of 10 molar equiv of competitor double-stranded DNA (ds26). The curves correspond to normalized FAM fluorescence. Bottom:
Quantitative analysis of the competition experiments, with melting temperature differences for each type of Ru complex at c) 1 mm and at d) 3 mm without
and with the presence of the competitor ds26 in Na™ conditions (black and grey bars, respectively) and in K* conditions (red and blue bars, respectively).
The measurements were performed using a 10 mm lithium cacodylate buffer (pH 7.2) with 10 mm NaCl, and using 10 mm lithium cacodylate buffer (pH 7.2)

with 10 mm KCl and with 90 mm LiCl for Na* and K*, respectively.

solutions. For [Ru(phen),PHEHAT]**, DT,,, is higher in solu-
tions containing K* than with Na™, suggesting that this com-
plex stabilizes more strongly the mixed hybrid conformation
than the antiparallel one (DT,,, of 27°C in K* vs. 22°C in Na*
at 3 equiv). In contrast, [(phen),RUPHEHATRu(phen),]** stabil-
izes more strongly the antiparallel form than the hybrid confor-
mations of human telomeric G4 (DT, of 13°C in K" vs. 21°C
in Na*® at 3 equiv.). Globally, both heteroleptic complexes stud-
ied here could be considered as very good G4-ligands. For the
sake of comparison, macrocyclic hexaoxazoles from Nagasawa
et al. possess DT,,, values close to 18°C and 6 °C for symmetri-
cal and unsymmetrical macrocyclic hexaoxazoles, respective-
ly.*? Other organometallic compounds such as Pt-ttpy, Pt-ctpy,
Cu-ttpy and Cu-ctpy (ttpy= 4'-p-tolyl-[2,2";6',2"] terpyridine;
ctpy= 4’-ethynyl-2,2:6',2"-terpyridine) showed a DT,, of
around 15°C">*? Ru complexes such as Rul(bpy),(bqdppz)]**
(bqdppz= benzo[jlquinoxalino[2,3-h]ldipyrido(3,2-a:2",3'-c]-
phenazine)) reported by Chao et al. show a DT,,, of 5°C and
8°C after the addition of 1 mm and 3 mm of complex, respec-
tively, in solutions with Na™; and 7°C and 22°C in K* solutions,
respectively.®® [Ru(phen),dpg-df** and [Ru(bpy),dpg-dfl*"
(dpg-df = dipyrido (3,2-a:2',3'-c) quinoxaline-difuran) from Yao
et al. were considered as excellent stabilizers of DNA G4s in K*
solutions with DT, of 14°C and 13 °C, respectively.*¥
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Selectivity of Ru complexes: G4-DNA versus dsDNA

Competition experiments were performed using FRET melting
assays in order to assess the selectivity of the ligands for
human telomeric G4 with respect to a double-stranded DNA.
For that, we used a duplex oligonucleotide, of sequence 5'-
CAATCGGATCGAATTCGATCCGATTG-3' hybridized with its com-
plementary sequence, hereafter called ds26. This double-
stranded DNA was selected for its high melting temperature
(T,,) around 70.5°C, which is significantly higher than the T,, of
F21T (around 50°C).”¥ For both homoleptic compounds
[Ru(TAP),]** or [Ru(phen);]**, which do not show stabilization
of Tel22 (Table 1), the T,,, of F21T/Ru complex upon the addi-
tion of an excess of ds26 remains similar than the T,,, obtained
for the pure F21T both in Na® and K* solutions (Figure 2, Fig-
ures S11-512 and Table S2). In contrast, the addition of 3 mm of
the competitor ds26 produces a strong destabilization of the
F21T:[(phen),RUPHEHATRu(phen),]** complex (DT, from [
+20°C to [FP°C), indicating that this complex has no prefer-
ence for either G4-DNA or dsDNA in the two solution condi-
tions. It is important to highlight that for the other G4-ligand
[Ru(phen),PHEHAT]?*, the addition of the competitor yields a
stabilization of around +18°C for the F21T:[Ru(phen),-
PHEHAT]** complex in K solutions at a 1:10 molar ratio in
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G4:Ru. This DT, value is smaller to the one obtained for the
complex in absence of a competitor (around+28°C), but
shows the preference of [Ru(phen),PHEHAT]** to bind to G4
rather than to double-stranded DNA (Figure 2). In contrast,
the DT,, observed for the same ligand in Na® solutions
(DT,,, CFK°C) indicates the destabilization of the complex in
the presence of the competitor ds26. Thus, these different
DT,,, observed in the two environments indicate that the
ligand stabilizes more strongly the hybrid conformation over
the antiparallel form of G4. The selectivity of [Ru(phen),-
PHEHAT]** towards G4 was confirmed even at higher concen-
tration of ds26 ( [5hm) in K* solutions (see Figure S13). The
DT,, value obtained was nearly identical than that for the
F21T-[Ru(phen),PHEHAT]*>" in the presence of [3hm ds26
competitor (+ 17°C), indicating the weak affinity of
[Ru(phen),PHEHATI** to dsDNA compared to G4-DNA, even
in excess of the double-stranded DNA competitor.

The interactions between the Ru complexes and the G4s
were also evaluated by measuring the luminescence lifetimes
of those complexes, which provides clues on the interactions
between Ru complexes and DNA.*' First, the luminescence
lifetimes of the complexes were measured in absence of any
DNA structure, see data presented in Table S3. For [Ru(-
phen),PHEHAT]** and [(phen),RuPHEHATRu(phen),]** com-
plexes, no luminescence lifetime could have been measured in
aqueous medium. Indeed, these complexes are known to pres-
ent a “light switch” behaviour?" Luminescence lifetimes for
these pure complexes measured in acetonitrile are presented
in Table S3. First, the pure complexes in solution present
mono-exponential decay which is characteristic of pure species
in solution. Secondly, the luminescence lifetimes were mea-
sured in presence of human telomeric Tel22 sequence in Na*
and K* aqueous solutions. All measurements were performed
with a 1:10 Tel22:Ru complex ratio (in order to have enough
luminescent species in solution), and the data obtained are
gathered in Table 2.

For both [Ru(TAP);]** and [Ru(phen);]*" in presence of
Tel22, the fitting has been performed in a satisfying manner
with mono-exponential decay. A unique luminescence lifetime
has thus been determined for these two homoleptic com-
plexes, regardless the aqueous medium nature. The lumines-
cence lifetimes are very similar to the one measured with the
complexes pure in solution (see Table 2 and Table S2). The
weak interactions between these complexes and the Tel22 se-
quence, as assessed by FRET experiments, combined to the
fact that we used a 1:10 molar ratio (Tel22:Ru complex) in
these experiments, give rise to a great amount of free com-
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plexes in solution. The measured luminescence lifetimes corre-
spond most likely to the vast majority of complexes that do
not interact with the Tel22 sequence. However, CD spectra in-
dicate there are interactions between [Ru(phen);]** and Tel22.
This apparent discrepancy could be explained by the binding
modes of [Ru(phen);]** to G4 and the G4 structural deforma-
tion upon binding, see below. In contrast, the luminescence
lifetimes show that the [Ru(phen),PHEHAT]** and
[(phen),RUPHEHATRu(phen),]** complexes interact strongly
with the Tel22 sequence, in agreement with the FRET experi-
ments. Regardless the solution conditions, the luminescence
decays were adjusted by bi-exponential functions: two lumi-
nescence lifetimes () and the corresponding pre-exponential
factors (% B) were determined. The luminescence decays for
these complexes present two contributions: a short and a
longer one, which indicate the ability of these complexes to
probe two different environments and thus to present two
types of binding modes. Since these two complexes are com-
posed of a planar extended ligand (PHEHAT), it suggests that
an intercalation takes place in the binding, or at least partial in-
tercalation. Furthermore, a relatively long contribution to the
lifetime is observed which means that the complex is strongly
protected by its environment. The (partial) intercalation of
these complexes in the loops at the extremity of the G4 struc-
ture could correspond to the longer contribution of the lumi-
nescence lifetime (see below).

In solutions with K¥, the [Ru(phen),PHEHAT]>* complex
presents a contribution of 167 ns (86 %), close to the lifetime
value for this complex alone in acetonitrile, and a second con-
tribution of 2ns (14%). This complex clearly presents two
binding modes with the hybrid G4 conformation of the Tel22
sequence. In Na™ medium, where the G4 antiparallel structure
is favoured, [Ru(phen),PHEHAT]>* shows a contribution of
44 ns (83%) and a second one of 2ns (17%). The binding
mode where the complex is less protected (for which the life-
time is the shortest) is present in similar proportions, regard-
less the alkali ion (K*or Na*) in the solution. Regarding the
longest contribution, the lifetime value decreases when chang-
ing from K* to Na™ media. Based on previously established as-
sumptions, this could mean that the [Ru(phen),PHEHAT]**
complex interacts more strongly with the hybrid structure
formed in K* medium than with the anti-parallel structure
formed in Na™ medium, which is in fair agreement with the re-
sults obtained by FRET analysis.

The binuclear [(phen),RuPHEHATRu(phen),]** complex
presents, in K™ medium, a first contribution of 58 ns (77 %)
and a second one of 9 ns (23%). This complex presents also

Table 2. Luminescence lifetimes of the four complexes in presence of Tel22 sequence (1:10 molar ratio in Tel22:Ru molar ratio) in TE buffer+ 100 mm KC|
(left) or NaCl (right).
Complex K* Na*

t, [ns] [% By] t, [ns] [% B,] t,, [ns] t, [ns] [% B;] t, [ns] [% B,] t,, [ns]
[Ru(TAP),1** 184 100 - - 184 166 100 - - 166
[Ru(phen);?* 461 100 - - 461 455 100 - - 455
[Ru(phen),PHEHAT]** 2 14 167 86 15 2 17 44 83 10
[(phen),RUPHEHATRu(phen),]* " 9 23 58 77 26 8 5 64 95 49
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two interaction modes with the hybrid conformation of Tel22.
In Na* medium, the first contribution corresponds to 65 ns
(95%) while the second one is 8 ns (5%). In this case, the lon-
gest contribution evolves from 77% (with the hybrid confor-
mation) to 95% (with the antiparallel conformation). So, it
seems that the antiparallel structure, presenting two lateral
loops and a diagonal one, possesses a more favourable
geometry for the (partial) intercalation of [(phen),-
RuPHEHATRu(phen),]**.

The luminescence lifetimes were measured in presence of
the competitor ds26 in Na® and K" aqueous solution. All
measurements were performed with a ds26:Ru molar ratio of
1:10 to have enough luminescent species in solution and the
data obtained are gathered in Table 3.

For the homoleptic [Ru(TAP);** and [Ru(phen);]** com-
plexes, the fitting has been performed in a satisfying manner
with mono-exponential decay. A unique luminescence lifetime
has thus been determined for these two homoleptic com-
plexes, regardless of the aqueous medium nature. Similar to
previous measurements with Tel22, the luminescence lifetime
is close to the one measured with the pure complexes, sug-
gesting that with the double stranded DNA, at such a high salt
concentration, these two complexes are mainly free in solu-
tion. In contrast, for [Ru(phen),PHEHATI** and [(phen),-
RuPHEHATRu(phen),]** complexes, luminescence decays were
adjusted by bi-exponential functions regardless the alkali ion
in the solution. It could also be concluded that the interaction
of these complexes with ds26 corresponds to two modes of
interaction which could be the same as described before,
namely a (partial) intercalation and an interaction in the
grooves. [Ru(phen),PHEHAT]*" shows two contributions of
66 ns (80%) and 19 ns (20%) in K* medium, whereas in Na™
those contributions correspond to 250 ns (94 %) and 3 ns (6 %),
respectively. Considering the previous assumptions about the
interaction geometries, in Na* medium, it seems that the (par-
tial) intercalation of the extended planar ligand is favoured.
The second mode of interaction, which could be an interaction
in the DNA groove, seems to be slightly more favoured in K*
medium. For [(phen),RuPHEHATRu(phen),]**, two contribu-
tions are observed: 99ns (83%) and 27ns (17%) in K*
medium, and 90 ns (86%) and 2 ns (14%) in Na*. Once again,
the interaction in the DNA groove is more favoured in K*
medium as observed with [Ru(phen),PHEHAT]**. The impor-
tance of the two modes of interaction appears to be depen-
dent on the nature of the salt used. This could be explained
by differences of the double helix structure in function of the
salt nature and concentration as described in the literature.*
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However, the nature and the concentration of alkali ion pres-
ent in solution seem to have less influence on the intercalation
binding mode. Comparing the results obtained with Tel22 and
ds26 in K" medium for the [Ru(phen),PHEHAT]** or
[(phen),RUPHEHATRu(phen),]*t complexes, it seems that a
binding mode in the DNA grooves (intramolecular grooves in
G4-DNA or minor-groove in dsDNA) is likely.

Molecular modelling: binding modes of G4:Ru complexes

MD simulations were carried out to provide molecular insights
about the G4:Ru-complex binding modes, focusing on the in-
teractions between G4 and either [Ru(phen);** or [Ru(-
phen),PHEHATI**. These two ligands were selected because
of their large difference in the stabilization of G4 (see Table 1).
Note that only D isomers of these Ru complexes were consid-
ered for assessing the binding to G4s (1:1 ratio in G4:Ru com-
plexes), for the sake of computational cost. For the binding of
[Ru(phen);**, both hybrid and antiparallel structures of
human telomeric G4 structures were considered as this com-
plex does not show any difference in the stabilization of G4 in
solution with K* or Na*. MD simulations were performed over
a 300 ns timescale, allowing a proper sampling of (i) the
motion of the Ru complex with respect to G4, and (ii) the struc-
tural modification of G4 upon Ru complex binding (see root-
mean square deviation over MD simulation, Figure S14). The G-
quartets of both hybrid and antiparallel G4 structures are re-
ferred to as top, mid and bottom, considering that the first gua-
nine residue belong to the top quartet. The guanine bases in
each quartet are referred to as a-, b-, g- and d-guanines, to
ease the description of structural findings by MD simulations
(see Figure S15).

Binding modes of [Ru(phen),]** with G4 structures

From the four starting conformations of [Ru(phen);]** in inter-
action with the hybrid G4 structure, MD runs reveal two main
binding modes, namely bottom and the top/minor groove
mode (see Figure 3a, Table S4 and Figures S16-517 in the Sup-
porting Information). As the G-quartets of the hybrid G4 struc-
tures are surrounded by the loops, the direct interaction be-
tween [Ru(phen);]** and G-quartet requires ligand intercala-
tion between the phosphate backbone strands. In the bottom
binding mode, [Ru(phen);]** intercalates below the bottom
quartet, see Figure 3a. In these modes, [Ru(phen),]** interacts
either directly with the bottom G-quartet guanine residues
(namely dG; and dG,,) or with the dA;s; and dA, residues, a

Table 3. Luminescence lifetimes of the four Ru complexes in presence of double stranded DNA ds26 in TE buffer + 100 mm KCl (left) or NaCl (right).
Complex K* Na*
t, [ns] [% By] t, [ns] [% B,] t,, [ns] t, [ns] [% B;] t, [ns] [% B,] t,, [ns]

[Ru(TAP),1** 196 100 - - 196 152 100 - - 152

[Ru(phen);?* 489 100 - - 489 399 100 - - 399

[Ru(phen),PHEHAT]** 19 20 66 80 44 3 6 250 94 37

[(phen),RUPHEHATRu(phen),]* " 27 17 29 83 67 2 14 20 86 14
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