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Photo-oxidizing ruthenium(ll) complexes with enhanced visible
light absorption and G-quadruplex binding abilities

Martin Gillard,”® Guillaume Piraux,’® Martin Daenen,® Micha&l Abraham,”® Ludovic Troian-Gautier,®
Laure Bar,"™ Hugues Bonnet,™ Frédérique Loiseau,™ Héléne Jamet,™ Jérome Dejeu,™ Eric Defrancq,™

and Benjamin Elias*®

Abstract:

Photosensitizers that gather high photo-oxidizing power and strong
visible light absorption are of great interest in the development of
new photo-chemotherapeutics. Indeed, such compounds constitute
attractive candidates for the design of type | photosensitizers that
are not dependent on the presence of oxygen. In this paper, we
report on the synthesis and studies of new ruthenium(ll) complexes
that display strong visible light absorption and can oxidize guanine
residues under visible light irradiation, as evidenced by nanosecond
transient absorption spectroscopy. The reported compounds also
tightly bind to G-quadruplex DNA structures from the human
telomeric sequence (TTAGGG repeat). The kinetic and
thermodynamic parameters of the interaction of these Ru(ll)
complexes with G-quadruplex and duplex DNA were studied thanks
to luminescence titrations and  bio-layer interferometry
measurements, which revealed higher affinities towards the non-
canonical G-quadruplex architecture. Docking experiments and non-
covalent ionic analysis allowed to gain information on the mode and
the strength of the interaction of the compounds towards G-
quadruplex and duplex DNA. The different studies emphasize the
substantial influence of the position and the number of non-chelating
nitrogen atoms on the interaction with both types of DNA secondary
structures.

Introduction

Ruthenium(ll) metal complexes offer many appealing assets in
the design of photosensitizers for cancer phototherapy thanks to
their high stability, strong visible light absorption and long-lived
excited states.™  Ruthenium(ll) compounds  containing
polypyridyl ligands have been the most explored frameworks
since the report of the DNA light switch effect of
[Ru(bpy)-dppz]** (bpy = 2,2"-bipyridine, dppz = dipyrido[3,2-:2',3'-
Jphenazine) in the early 90’s.? Many analogues were developed
aiming to enhance the photo-oxidizing properties and to improve
the accumulation of the compounds into cancer cells. The
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enhancement of the photo-oxidizing power of these complexes
has been mainly achieved through the addition of nitrogen
atoms in the ligands structure. Notably the use of TAP (TAP =
1,4,5,8-tetraazaphenanthrene) or bpz (bpz = 2,2'-bipyrazine)
ancillary ligands leads to strong photo-oxidizing complexes able
to trigger oxidative electron transfer with DNA (type | photo-
oxidation).®! Developing highly photo-oxidizing sensitizers
constitutes interesting alternatives in cancer phototherapy when
the type Il pathway (ROS photoproduction) is prevented by
hypoxia.> In  order to favour accumulation of the
photosensitizers into cancer cells, the association to DNA
secondary structures that are present in higher prevalence in
many cancer cell lines such as G-quadruplex DNA (G4 DNA)
and DNA mismatches has been extensively studied.” Therefore,
numerous compounds including ruthenium(ll) complexes have
been designed to bind selectively G4 DNA or DNA mismatches
over double stranded DNA.® Telomeric G4 DNA has emerged
as a promising target for cancer therapy since the discovery of
its implication in the cancer cell immortalization process in
addition to the major role it plays in the development of the
disease.l"]

Recently, we reported on the design of [Ru(phen).dph]** (1)
(phen = 1,10-phenanthroline, dph = dipyrazino[2,3-a:2’,3'-
h]phenazine), which showed high selectivity towards G4 over
duplex DNA in addition to strong visible light absorption. This
was attributed to the extended conjugation of the dph ligand.®
Based on these interesting results, three analogues (Figure 1)
were prepared to (i) enhance the conjugation of the extended
dph ligand in the [Ru(phen):bpph]** (2) complex (bpph =
benzo[a]pyrazino[2,3-h]phenazine) and to (i) increase the
photo-oxidizing power of the compounds by replacing the phen

ancillary ligands by TAP in [Ru(TAP).dph** (3) and
[RU(TAP),bpph]** (4).
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(4) X =N, Y =C [Ru(TAP),bpph]?*

Figure 1: Structures of complexes 1-4.



The synthesis of compounds 2-4 as well as their photophysical
and photochemical properties are reported herein. The
interaction of complexes 1-4 with G4 DNA and duplex DNA as
well as their excited-state reactivity was investigated by bio-layer
interferometry, luminescence titrations, nanosecond transient
absorption and computational studies. Strikingly, such weak
structural changes between the different analogues led to
considerable changes both to the photophysics and the affinity
of the compounds towards G4 over duplex DNA.

Results and Discussion

Synthesis

The pyrazine core synthesis of the dph ligand was previously
developed by our group. It consists in the coupling of two 6-
aminoquinoxaline thanks to an optimized Chichibabin-like
reaction (i.e. through an addition—oxidation—elimination
mechanism).! The dissymmetric bpph ligand was prepared
through the dione-diamine condensation of 1,2-naphtoquinone
and 5,6-diaminoquinoxaline, as previously reported.”! Phen- and
TAP-based Ru" mononuclear complexes 1-4 (Figure 1) were
synthesized through the direct chelation of the dph or bpph
ligands onto [Ru(phen).Cl;] and [Ru(TAP).Cl,] precursors. The
previously reported complex [Ru(phen).(dph)]** 1 as well as new
compounds [Ru(phen)a(bpph)]* 2, [Ru(TAP)y(dph)]** 3 and
[Ru(TAP),(bpph)]** 4 were characterized by NMR spectroscopy
and high-resolution mass spectrometry (see the supporting
information).

Electrochemical study

The electrochemical characterization of compounds 1-4 allowed
to better understand their photophysical and photochemical
properties. The data were recorded in acetonitrile containing 0.1
M tetrabutylammonium perchlorate (BusNCIOy) (Table 1).

Table 1: Oxidation (Eox) and reduction (Eq) potentials of complexes 1-4 in

acetonitrile. Estimated reduction potentials (E*egq) of complexes 1-4 in
acetonitrile.
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the reference complex [Ru(phen)s]**. Furthermore, no oxidation
process could be monitored for TAP analogues (i.e. complexes
3 and 4) at a potential below 1.8 V, which is consistent with the
data reported for the reference complex [Ru(TAP)s*".[%
Concerning the ligand-centred reduction processes, compounds
1 and 2 are notably easier to reduce than [Ru(phen)s]**. The first
reduction wave is attributed to the reduction of the dph or bpph
ligand. Both TAP analogues 3 and 4 are the easiest to reduce
displaying more positive reduction potentials than [Ru(TAP)s]*".
These results indicate that the HOMO of complexes 1-4 is
centred on the metal core while their LUMO orbital is localized
on the ligands, which is in good agreement with the occurrence
of a MLCT transition as suggested by light absorption (vide infra)
and literature data.

The excited-state reduction potentials were estimated based on
the ground-state reduction potentials and the energy stored in
the excited state, Eo.o. As expected, complexes 3 and 4 display
strong photo-oxidizing power (E*eq - +1.21 and +1.25 V vs.
Ag/AgCI, respectively). This suggests that those compounds
should trigger photo-induced electron transfer (PIET) in the
presence of a guanine residue (Eoxx(dGMP) = +1.10 V vs.
Ag/AgCl), the most oxidizable DNA nucleobase.™

Light absorption

The absorption and emission spectra of complexes 1-4 recorded
in acetonitrile are shown in Figure 2. The corresponding
photophysical data along with those of reference compounds
[Ru(phen)s]** and [Ru(TAP)s]** are gathered in Table 2.7

The absorption spectra show a strong peak at 265 nm for 2 and
at 315 nm for its TAP analogue 4, which is attributed to LC
transitions localized on the ligands. Strong absorption bands
were also observed in the visible region (in the range 400-500
nm) which are attributed to MLCT transitions. A strong
hypsochromic shift of the MLCT transition was observed for
complex 2 compared to 1 (Table 2) which is consistent with the
replacement of two non-chelating nitrogen by carbon atoms in
the bpph, accounting for an increase of the LUMO orbital energy
level. The large bathochromic shifts (> 40 nm) of the MLCT
transitions observed for the complexes 1-4 compared to the
reference complexes [Ru(phen)s]** and [Ru(TAP)s]* are of great
interest for the proposed applications and most likely arise from
the high conjugation of the dph and bpph ligands.

Complex Eod VI Ered[V]" Eed VI
[Ru(phen)s]** +1.32 -1.30, -1.47,-1.68 +0.75
[Ru(phen),dph*™ 1 +1.63 -0.74, -1.24, -1.67 +0.86
[Ru(phen)szph]% 2 +1.60 -0.77, -1.24,-1.66 +0.83
[RU(TAP)3* +1.98 -0.71, -0.85, -1.15 +1.32
[Ru(TAP).dph]** 3 >1.8 -0.65, -1.58 +1.21
[RU(TAP),bpph]** 4 >1.8 -0.66, -1.55 +1.25

[a] Data were measured at room temperature in MeCN with 0.1 M BusNCIO,
as supporting electrolyte, with a concentration of complexes of 0.8 mM [b]
Potentials are given vs. Ag/AgCl. Excited-state potentials estimated from the
equations: E*1pred = Ered + Eo-0. The energy of the excited state, Eq.o, was
estimated by Franck—Condon line-shape analysis of the emission spectra at
298 K in MeCN.

Concerning the oxidation, the observed process can be
attributed to the oxidation of the metallic centre. It should be
noted that complexes 1-2 are less easily oxidized compared to
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Figure 2. Absorption (solid line) and emission (dashed line) spectra of

[Ru(phen),dph]** 1 (orange), [Ru(phen),bpph]?* 2 (blue), Ru(TAP),dph]** 3
(green) and [Ru(TAP);bpph]** 4 (red) in acetonitrile at room temperature.



Table 2: Absorption and emission data in acetonitrile for complexes 1-4 at 298
K.

Complex Mabs Aem 1[ns]® o ke [10°
[nm] [nm]™® s
(E)[a]

[Ru(phen)s]** 447 604 460 0.028 60.9

[Ru(phen),dph**™ 1 530 773 380 0.0016 421
(1.5)

[Ru(phen),bpph]?* 2 524 727 100  0.0084 84
.7

[Ru(TAP)s]** 435 580 420 0.012 28.6
(16)

[Ru(TAP),dph]** 3 479 667 701 0.0172 245
4.2)

[Ru(TAP),bpph]** 4 482 650 460  0.0084 18.3
(2.5)

[a] Aabs COrresponds to the most bathochromic transition in MeCN (extinction
coefficient, £ x10° M~cm™). [b] Emission wavelength (Aem) recorded in MeCN
at RT. [c] Luminescence lifetime in MeCN under argon at RT. [d] quantum
yield of emission measured by comparison with the reference [Ru(bpy)g]z*. [e]
k: the radiative deactivation rate constant.

Light emission

The four complexes 1-4 display strong visible light emission with
quantum yields, excited state lifetimes and large k values (> 10°
s) (Table 2) that suggest a *MLCT-type emitting state as
already reported for similar Ru" compounds.®! Complexes 1-4
exhibit large bathochromic shifts of their emissions (>40 nm)
compared to the reference compounds, which could be due to
the high conjugation of the dph and bpph ligands. Interestingly,
bpph containing complexes 2 and 4 show emission at higher
energies than the corresponding dph containing compounds 1
and 3, which can be explained by the low-lying LUMO of the dph
containing complexes. In addition, the fact that dph containing
compounds 1 and 3 possess longer luminescence lifetimes than
the corresponding bpph containing analogues 2 and 4 can be
related to a smaller contribution of the non-radiative decay on
the overall emission process in the dph complexes. Complexes
3 and 4 bearing TAP ancillary ligands exhibit strongly blue
shifted emission compared to their phen analogues. The
recorded emission wavelengths for compounds 3 and 4 are
similar to those reported for other complexes containing TAP
ancillary ligands. The Iluminescence lifetimes of the TAP
containing compounds 3 and 4 are also noticeably longer than
those of their respective phen analogues 1 and 2, as anticipated.

dGMP photo-oxidation

As suggested by the electrochemical and photophysical studies,
the presence of two TAP ancillary ligands in compounds 3 and 4
leads to complexes with enhanced photo-oxidation capacities
compared to 1 and 2. This was highlighted by the assessment of
their reduction potentials in the excited state (Table 1).
Therefore, the ability of complexes 3 and 4 to oxidize
deoxyguanosine monophosphate (dGMP) under light irradiation
was explored by luminescence quenching experiments. As
depicted in Figure 3, a dramatic luminescence decrease was
observed through the gradual addition of dGMP to a buffered
solution of compounds 3 and 4.
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Figure 3: Evolution of the luminescence spectra of (A) [Ru(TAP)zdph]2+ 3 (Aexc
= 479 nm), (B) [Ru(TAP)szph]2+ 4 (Aexe = 482 nm) in the presence of
increasing concentrations of dGMP, while the complex concentration was kept
at 5 pM.. Measurements were made in 50 mM Tris-HCI, 50 mM NaCl, pH =
7.4, under ambient air conditions. Insets: Stern—Volmer plots obtained upon
the addition of dGMP to each complex.

Gibbs free energy variations (AG) corresponding to the electron
transfer process (ET) from a guanine moiety to the excited
complexes 3 and 4 were estimated from voltametric and
photophysical data. The spontaneity of the ET process was
thereby confirmed with calculated AGgr ranging between -0.15
and -0.19 eV. The AGegr were also calculated against a guanine
rich Poly(dG-dC), sequence to assess the impact of the guanine
stacking, which is known for making the photo-oxidation process
even more favoured (Table 3). The efficiency of the
luminescence quenching (kq) was determined thanks to Stern-
Volmer relationship (Figure 3 - insets). The linearity of the



Stern-Volmer plot indicates a pure dynamic quenching of the
excited state of the two complexes by dGMP and the obtained kq
values (Table 3) shows a diffusion rate limited process.*® This
efficient luminescence quenching is in agreement with a PIET
process occurring between excited TAP containing complexes 3
and 4 and the guanine base. It also points out the ability of dph
and bpph TAP-based complexes for DNA photo-oxidation.

Table 3: Photo-induced ET from guanine-based moieties to 3 and 4.

AGer [eV]®
Compound dGMP Poly(dG-dC),¥ koM s
[Ru(TAP).dph]** 3 -0.15 -0.40 2.20 x 10°
[Ru(TAP),bpph]** 4 -0.19 -0.44 3.02x 10°

[a] Gibbs free energy variation corresponding to the ET process from guanine
to the excited complex estimated as AGET = —nF(Ery2+* jrut — Eg*+ic), with
Eg*t+ic = +1.10 V for dGMP or +0.85 V for Poly(dG-dC), and Egry2+* gyt =
E*red values in Table 1. [b] Quenching rate constant (kq) obtained using the
Stern—Volmer equation lo/l = 1 + Kqo[dGMP]. lo/I (where Iy is the luminescence
of the complex in the absence of a quencher, here dGMP, and | is the
luminescence in the presence of dGMP) as a function of the quencher
concentration; 10, the excited state lifetime of the complex in the absence of
dGMP. [c] AGgr values with Poly(dG-dC), are given for comparison purpose in
order to indicate the effect of the guanine stack.

Time-resolved spectroscopies were then used to obtain further
information about the light-induced quenching processes. The
experiments were carried out in argon-purged buffered solutions
using [Ru(TAP)-bpph]**. The excited-state quenching with
dGMP was first repeated as the excited-state lifetime of
[Ru(TAP),bpph]?* in 50 mM Tris-HCI, 50 mM NaCl and pH = 7.4
was determined as 3.1 pys. Upon the addition of dGMP, a drastic
decrease of the excited-state lifetime was observed (Figure 4A).
The corresponding Stern-Volmer plot was linear and allowed to
determine the quenching rate constant, kq = 2.45 x10° M's™.
This agrees with the quenching rate constant determined via
steady-state spectroscopy.

We then turned to nanosecond transient absorption
spectroscopy. The excited state absorption features of
[Ru(TAP),bpph]** were in line with prototypical Ru(ll) complexes,
i.e. a strong bleaching observed in the visible part of the
spectrum, corresponding to light oxidation of Ru(ll) to Ru(lll) and
positive absorption features in the UV and red region of the
spectrum, in agreement with the formation of a reduced ligand
(Figure 4B). This is fully consistent with the metal-to-ligand
charge transfer (MLCT) nature of the excited state. The excited-
state reactivity with dGMP was then investigated using pulsed
480 nm light excitation. The transient absorption spectra
recorded 200 ns after the laser pulse were fully consistent with
excited-state electron transfer, generating the monoreduced
complex and oxidized dGMP. Similar experiments were then
conducted using G4. The spectral signatures observed 500 ns
after the laser pulse matched those obtained using dGMP,
indicative of the efficient photo-induced excited-state electron
transfer between [Ru(TAP),bpph]*** and G4. Note that the signal
for that experiment presents larger signal/noise ration below 400
nm. This is a consequence of the experimental setup as a
volume of 300 pL was used in a 0.3x0.3cm cuvette.
Nevertheless, the transient absorption features unambiguously
confirm the photo-induced oxidative electron transfer from
dGMP or guanine residue in G4 to the excited complex.
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Figure 4: (A) Time-resolved excited-state quenching of [Ru(TAP)szph]2+ with
increasing amount of dGMP. The inset shows the corresponding Stern-Volmer
plot from which k, = 2.45 x10° M~'s™ was determined. (B) Transient
absorption spectroscopy of [Ru(TAP),bpph]?* (red), [Ru(TAP),bpph]** with 10
mM of dGMP (black) and [Ru(TAP)szph]2+ with 43 pM G4 (red) recorded 200
ns (integrated for 100 ns) following pulsed 480 nm light excitation. The
experiments using G4 were recorded in 10 mM HEPES, pH 7.5, 50 mM NaCl,
100 mM KCI under argon whereas the other experiments were recorded in 50
mM Tris-HCI, 50 mM NaCl, pH = 7.4, under argon.

DNA interaction studies

Luminescence titrations, bio-layer interferometry analysis (BLI)
and computational studies were implemented to study the
interaction of complexes 1-4 towards duplex and G4 DNA.
Overall, these experimental methods allowed to measure the
affinity and selectivity of the compounds for G4 DNA secondary
structure, in addition to characterize the interactions occurring
with both duplex and G4 DNA. For DNA titrations, calf thymus
DNA (CT-DNA) and wtTel23 were chosen as duplex and G4
DNA models respectively. For BLI, biotinylated versions of GC-
rich duplex and wtTel23 sequence were chosen (see Figure 5 A
and 5 B). It must be noted that while calf thymus DNA contains
an equivalent molar amount of the four DNA bases, the GC-rich
hairpin model is richer in guanine and cytosine.
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Figure 5: Biomolecular models used for bio-layer interferometry studies: A,
intramolecular G-quadruplex structure; B, duplex DNA hairpin.

Luminescence titrations

While enhanced Iluminescence was observed for phen
containing complexes 1 and 2 in the presence of increasing
concentration of CT and G4 DNA (Figure 6A), a decrease of the
luminescence was observed for TAP containing complexes 3
and 4 (Figure 6B). The luminescence increase observed for
both complexes 1 and 2 upon addition of DNA can be related to
a light switch type effect as reported for [Ru(bpy).dppz]**."! This
behaviour is explained by an efficient protection of the *MLCT
excited state from non-radiative decay sources such as solvent
molecules and dioxygen when interacting with DNA. The strong
decrease of luminescence intensity for both complexes 3 and 4
show that complexes 3 and 4 are potential photoreactive
equivalents of complexes 1 and 2, respectively.

Binding affinity constants were estimated using a modified
McGhee—von Hippel equation (lines and dashed lines in Figure
6A and 6B), expressing the luminescence intensity as a function
of the ratio of Ru" compound per DNA site (I/lo vs. [Site]/[Ru]),
with lo, the intensity of luminescence in the absence of DNA and
[Site] referring either a base-pair or a G4 equivalent (Table 4).
Interestingly, higher affinities towards CT-DNA were observed
when the two non-chelating nitrogen of dph (complexes 1 and 3)
were removed (complexes 2 and 4).
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Figure 6: Steady state photoluminescence titration of (A) [Ru(phen)zdph]2+ 1
(purple) and [Ru(phen)szph]2+ 2 (grey) and (B) [Ru(TAP)zdph]2+ 3 (purple)
and [Ru(TAP),bpph]** 4 (grey) by increasing G4-DNA (full diamonds) or ds-
DNA (empty diamonds) ratio, while the complex concentration was kept at 5
UM. The fitted curves are obtained using a modified McGhee—von Hippel
equation (see the Sl) and drawn as solid and dashed curves for G4 and ds-
DNA respectively. One site in ds-DNA corresponds to one base pair and to
one quartet in G4 structures and lo, the photoluminescence of the complex in
the absence of DNA. Aexc = 450 nm; Aem = 773 (1), 727 (2), 667 (3) and 650 nm
(4).

Table 4: Equilibrium dissociation constants (Kp) for the interaction of
complexes 1-4 with G4 and duplex DNA estimated from steady state
luminescence titrations.

G4 DNA (wiTel23) Duplex DNA (CT-DNA)

Compound Kp (uM) I/lo max Kp (UM) I/lp max
[Ru(phen),dph]** 1 18.9 49 652 1.8
[Ru(phen),bpph]** 2 14.6 37 91 3.1
[Ru(TAP)dph]** 3 31.7 0.36 198 0.28
[RU(TAP),bpph]** 4 19.1 0.32 31 0.14

Binding constants are obtained using a McGhee—-von Hippel type equation; the
binding site corresponds to base pair or G-quartet (best fit). Errors estimated
to 5%.

Bio-layer interferometry



Bio-layer interferometry (BLI) was implemented to gain access
to the more accurate dissociation equilibrium constant of the
interactions (Kp) via the measurements of kinetics of association
(kon) and dissociation (ko). Two DNA structures were used as
models: the intramolecular G-quadruplex Figure 5A (HTelo
sequence, in equilibrium between the different topologies), and
the duplex DNA model Figure 5B (hairpin structure). These
structures have been already used for the study of interactions
of putative ligands with G4 and duplex DNA.®" & The binding
constants for complexes 1-4 are reported in Table 5. The
measured Kp value for the interaction of complex 1 with G4 DNA
is in the micromolar range (9 uM) while no equilibrium constant
could be calculated for the interaction with the duplex DNA. This
is in agreement with the previously reported results obtained
from surface plasmon resonance analyses and confirms the
selectivity of complex 1 towards G4 over double-stranded DNA
structures.®! Replacing the phen ancillary ligands of complex 1
by TAP in complex 3 led to a dramatic decrease of the affinity
towards G4 DNA (Kp = 66 uM) which could be attributed to both
a slower association (factor 2) and a faster dissociation (factor 4)
according to the kinetic constants (Figure 7 and Table 5).
However, the selectivity towards G4 vs. duplex DNA structures
remains as no equilibrium constants could be measured for the
interaction with the duplex DNA hairpin. These results were
concordant with the luminescence titrations.

The removal of two non-chelating nitrogen atoms from the dph
ligand in complex 1 to form the bpph ligand in complex 2 also
led to a huge impact on the interactions with G4 and duplex
DNA. Indeed, a decrease of the affinity towards G4 was
observed (Kp = 32 uM) while a weak affinity for duplex DNA
could be measured (Kp = 102 pM) thus leading to a partial loss
of the selectivity towards G4 DNA. Nevertheless, it is noteworthy
that the measured Kp value for duplex DNA being far beyond the
studied concentration range (due to solubility problems), its
accuracy must be taken with care. For complex 4 which contains
both bpph and tap ligands, the selectivity towards G4 strongly
decreased due to a higher affinity of the compound for duplex
DNA.

The comparison of the kinetic parameters measured for the
interactions of bpph containing complexes 2 and 4 showed a
slower dissociation rate when interacting with G4 compared to
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duplex DNA (0.5 s™ versus 1.4-1.8 s™). However, for complex 4
a higher association rate was observed for duplex versus G4
DNA (8.1 10* M’s™ and 2.7 10* M™s™, respectively) thus
leading to the partial loss of selectivity. The affinity distribution
can be better visualized in Figure 6.

It emerges from these results that the number of non-chelating
nitrogen atoms and their position have a considerable impact on
the interactions with both G4 and duplex DNA. This parameter
appears to play a determining role on the interaction strength
and on the selectivity of the compounds for G4 versus duplex
DNA structures. In this context, we decided to perform a
computational study of the interaction with the aim to explain the
observed differences.
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Figure 7: Isoaffinity kinetic plot of rate constants measured by BLI. The
dashed diagonals depict the equilibrium binding constants and are shown to
help with the visualization of the affinity distribution. Complexes 1 and 3 are
plotted in the presence of G4 DNA (G4) and complexes 2 and 4 both in
presence of G4 DNA and duplex DNA hairpin (HP).

Table 5: Equilibrium dissociation constants (Kp) for the interaction of complexes 1-4 with G4 and duplex DNA measured from bio-layer interferometry analysis.

G4 DNA Duplex DNA
Complex
kon [10° M%) ko [s7] Kp [um]™ kon [10° M™s] ko [s7] Ko [uM]™
2+
[Ru(phen).dph]™ 1 66+13 06+02 9+2 n.d® n.d.® n.d.®
2+
[Ru(phen);bpph]™ 2 1.6+0.1 0.5+0.04 3214 1.3+0.06 1.4+0.2 102 + 22
2+
[Ru(TAP).dph]™3 18+0.6 12+04 66+ 15 n.d.® n.d.® n.d.®
2+
[Ru(TAP)bpphI™ 4 57,03 0.5+0.06 1942 8.1+50 18+03 37+22

[a] Equilibrium dissociation constants were deduced from the kinetic rate constants. [b] Due to the very low binding of the complex with duplex DNA, the kinetics
of the interaction could not be determined (n.d.) in the studied concentration range. Measurements were performed using a concentration range from 5 pM to 40
UM of the complexes in 10 mM HEPES pH 7.5, 50 mM NaCl, 100 mM KCI and 0.05% v/v P20 surfactant.

Computational studies



The interactions arising between complexes 1-4 and their DNA
targets, namely duplex and G-quadruplex, were investigated
through docking experiments. The choice of the structures used
for the targets is explained in the experimental computational
part.

Docking studies were performed using the AutoDock 4.0
software package.*¥ Different positions were generated and
ranked in a histogram according to a scoring function correlated
to the interactions. The analysis of the best-ranked docked
positions gives similar results for all the four complexes.
Regarding the hairpin, two binding modes emerge: a more
stable one where the complex interacts within the minor groove,
and a slightly less stable one in which the extended planar
ligand dph or bpph is inserted inside the loop. Figure 8a shows
these two binding modes for complex 1 with their scoring
function.

In the G4 structure, two positions were also obtained: a more
stable interaction involving the insertion of the extended planar
dph or bpph ligand inside one of the grooves, and a less stable
one where the extended planar dph or bpph ligand is stacked
over the guanine tetrad (Figure 8b for complex 1).

Figure 8: The main docked positions of complex 1 (a) against a hairpin
structure, inside the T-loop (orange, scoring function -4.45 kcal/mol) or in the
minor groove (red, scoring function -4.25 kcal/mol), (b) against a human G-
quadruplex (PDB entry 1KF1), stacked above a G quartet (orange, scoring
function -4.45 kcal/mol) or embedded in the groove (red, scoring function -6.22
kcal/mol ).

Interestingly, the mean binding energies of the more stable
interactions obtained by docking are consistently lower for the
G-quadruplex than for the hairpin, suggesting that favored for
the G4 over the hairpin structure. This observation is consistent
with the luminescence titrations and BLI analysis results that
gave lower Kp values for the G4 for each complex assessed.
Furthermore, theoretical dissociation constants were calculated
upon introduction of the mean binding energies in
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with T = 298.15K, giving Kp values in the order of magnitude of
100 p M, in agreement with the BLI experiments.

Finally, the interactions were visualized through a non-covalent
interaction (NCI) analysis in the quadruplex, highlighting the
regions associated with = specific interactions of various
strengths; from steric repulsion (red), van der Waals interactions
(green), to strong attractions (blue).

Figure 9: NCI surfaces obtained for the complex 1 (red) in interaction with the
human G-quadruplex (PDB entry 1KF1), the gradient cut-off is 0.45 u.a. and
the colour scale set to <0.07 u.a.; (a) interaction within the G-quadruplex
groove, (b) mr-stacked position over the G-tetrad.

Thus, the NCI analysis for the docked position inside the G4s
groove showed that the main interactions arise from vdwW
interactions mostly located around the embedded extended
planar ligand. As for the stacked position, the NCI analysis
confirms a large -1 stacking interaction as well as some vdW
interactions with one of the ancillary ligands facing towards the
G-tetrads (Figure 9). However, no significant difference was
observed amongst the four complexes and no additional
interactions were found between the two additional non-
chelating nitrogen’s in the dph containing compounds 1 and 3
compared to their bpph analogs 2 and 4, so the NCI analysis
cannot account for the variations of the Kp observed
experimentally.

Conclusion



In this paper, the synthesis of three new Ru(ll) complexes 2-4 is
reported. That includes the interesting dissymmetric bpph ligand
and two photo-oxidizing TAP analogues. The designed
compounds photophysical properties were studied by
electrochemistry, UV/Vis absorption and emission spectroscopy.
The results show the compatibility between the dph and bpph
ligands and the presence of TAP ancillary ligands to provide
strongly photo-oxidizing compounds. It also appeared that Ru(ll)
complexes 3 and 4 gather high photo-oxidizing power (E*1/2reqd >
1.2 V) and strong visible light absorption (¢ = 2800 and 5200 M™
cm™ at 480 nm) thanks to a rational ligand design. Compounds 3
and 4 can photo-oxidize dGMP under visible light irradiation (Aexc
= 480 nm) via PIET, as evidenced by nanosecond transient
absorption spectroscopy. This PIET occurred with high
quenching constant values (kq > 10° M™ s™). Luminescence
titrations and BLI analysis allowed to gain access to the kinetic
and thermodynamic parameters of the interaction. The two
implemented techniques gave concordant results that highlight
the substantial influence of the non-chelating nitrogen numbers
and position on the interaction with both G4 and duplex DNA.
The dph analogues 1 and 3 appeared to be slightly more
selective towards G4 vs. duplex DNA compared to their
respective bpph analogues 2 and 4. Computational studies
describing the interactions between the four complexes and the
two targets revealed two binding modes and confirmed higher
interactions with the G4 compared to the hairpin structures.

Experimental Section

Materials and instrumentation

[Ru(phen):Cls], [Ru(TAP).Cl;], [Ru(phen).dph]* 1 and bpph
were synthesized according to previously described literature
protocols.®¥ All solvents and reagents for the synthesis were of
reagent grade and were used without any further purification. All
solvents for the spectroscopic and electrochemical
measurements were of spectroscopic grade. Water was purified
with a Millipore Milli-Q system. Calf thymus DNA Type | (CT-
DNA) was purchased from Sigma-Aldrich. 'H and *C NMR
experiments were performed in CDCls, CDsOD or CD3sCN on a
Bruker AC-300 Advance Il (300 MHz) or on a Bruker AM-500
(500 MHz) at 20°C. The chemical shifts (given in ppm) are
measured vs the residual peak of the solvent as the internal
standard. High-resolution mass spectrometry (HRMS) spectra
were recorded on a Q-Extractive orbitrap from ThermoFisher
using reserpine as internal standard. Samples were ionized by
electrospray ionization (ESI; capillary temperature = 320°C,
vaporizer temperature = 320°C, sheath gas flow rate = 5
mL/min).

UV-vis absorption spectra were recorded on a Shimadzu UV-
1700. Room temperature luminescence spectra were recorded
on a Varian Cary Eclipse instrument. Luminescence intensity at
77 K was recorded on a FluoroLog3 FL3-22 from Jobin Yvon
equipped with an 18V 450 W Xenon Short Arc lamp and an
R928P photomultiplier, using an Oxford Instrument Optistat DN
nitrogen cryostat controlled by an Oxford Intelligent Temperature
Controller (ITC503S) instrument. Luminescence lifetime
measurements were performed after irradiation at A = 400 nm
obtained by the second harmonic of a Titanium:Sapphire laser
(picosecond Tsunami laser spectra physics 3950-M1BB+39868-
03 pulse picker doubler) at an 80 kHz repetition rate. The
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Fluotime 200 from AMS technologies was used for the decay
acquisition. It consists of a GaAs microchannel plate
photomultiplier tube (Hamamatsu model R3809U-50) followed
by a time- correlated single photon counting system from
Picoquant (PicoHarp300). The ultimate time resolution of the
system is close to 30 ps. Luminescence decays were analysed
with  FLUOFIT software available from Picoquant. Cyclic
voltammetry was carried out in a one-compartment cell, using a
glassy carbon disk working electrode (approximate area = 0.03
cm?), a platinum wire counter electrode, and an Ag/AgCl
reference electrode. The potential of the working electrode is
controlled by an Auto lab PGSTAT 100 potentiostat through a
PC interface. The cyclic voltammograms were recorded with a
sweep rate of 300 mV s*, in dried acetonitrile (Sigma- Aldrich,
HPLC grade). The concentration of the complexes was 8.10™
mol/L, with 0.1 mol/L tetrabutylammonium perchlorate as
supporting electrolyte. Before each measurement, the samples
were purged by nitrogen. Redox potentials were controlled by
comparison with ferrocene, added at the end of the
measurement.

Synthesis

[Ru(phen)zbpph]?* 2. [Ru(TAP),Cl;] (17 mg, 0.0317 mmol) and
(Benzo[a]pyrazino[2,3-h]phenazine) (9 mg, 0.0318 mmol) were
dissolved ethylene glycol (2 mL) and heated at 120 °C for 5h.
After cooling to room temperature, a solution of NH4PFg (aq) (2
mL) was added and the mixture was left over night at 5 °C. The
resulting mixture was centrifuged and the solid was washed
successively with H,O, EtOH and diethylether, which gave the
final product as a red powder. *"H NMR (300 MHz, CDsCN) &
9.51 (d, J =7.8 Hz, 1H), 8.84 (d, J = 2.9 Hz, 1H), 8.81 (d, J=9.4
Hz, 1H), 8.73 — 8.65 (m, 3H), 8.62 (d, J = 9.4 Hz, 1H), 8.54 (dd,
J =8.3, 1.3 Hz, 1H), 8.31 (d, J = 1.6 Hz, 2H), 8.28 (dd, J = 5.3,
1.3 Hz, 1H), 8.27 — 8.17 (m, 2H), 8.14 (dd, J = 5.3, 1.3 Hz, 1H),
8.00 — 7.86 (m, 4H), 7.78 — 7.65 (m, 4H), 7.64 — 7.49 (m, 3H),
7.02 (d, J = 9.7 Hz, 1H). HR-MS Calcd for CasHzsNsPFsRu:
889.09679 Da, found 889.09687 Da.

[Ru(TAP).dph]** 3. [Ru(TAP),Cly] (20 mg, 0.0373 mmol) and
dipyrazino[2,3-a:2',3'-h]phenazine (12.8 mg, 0.0451 mmol) were
dissolved in EtOH/H,O (5 mL/ 1:1) and heated at reflux for 24h.
After cooling to room temperature and addition of CH3CN (2 mL)
and H,O (2 mL), the mixture was centrifuged. NH4sPFs was
added and the organic solvents were evaporated under vacuum.
The resulting mixture was centrifuged and the solid was washed
successively with H,O, EtOH and diethylether to give the crude
product. Purification over preparative chromatography on silica
(CH3CN/H2O/NH4Clsa: 4/4/1, viviv) gave the final product as a
red powder. "H NMR (500 MHz, CDsCN) & 9.25 (d, J = 2.0 Hz,
1H), 9.15 (d, J = 2.0 Hz, 1H), 9.10 (d, J = 2.8 Hz, 1H), 9.00 (d, J
= 2.9 Hz, 1H), 8.87 (d, J = 2.8 Hz, 1H), 8.75 (d, J = 9.5 Hz, 1H),
8.71 (d, J =9.4 Hz, 1H), 8.69 (d, J = 9.4 Hz, 1H), 8.62 (d, J =9.4
Hz, 1H), 8.56 (d, J = 9.4 Hz, 1H), 8.50 (d, J = 2.8 Hz, 1H), 8.45
(d, 3 = 2.8 Hz, 1H), 8.06 (d, J = 2.9 Hz, 1H), 8.00 (d, J = 9.9 Hz,
2H), 8.00 (d, J = 2.7 Hz, 1H), 7.87 (d, J = 2.8 Hz, 1H), 7.35 (d, J
= 9.9 Hz, 1H). HR-MS Calcd for C3sH20N14PFsRu: 895.06807 Da,
found 895.06822 Da.

[RU(TAP),bpph]?* 4. [RU(TAP),Cl;] (17 mg, 0.0317 mmol) and
(Benzo[a]pyrazino[2,3-h]phenazine) (9 mg, 0.0318 mmol) were



dissolved ethylene glycol (2 mL) and heated at 120 °C for 16h.
After cooling to room temperature and the addition of a solution
of NH4PFg (aq) (2 mL), the mixture was left over night at 5°C. The
resulting mixture was centrifuged and the solid was washed
successively with H20, EtOH and diethylether to the final
product as a red powder. *H NMR (300 MHz, CDsCN) & 9.51 (d,
J =7.7 Hz, 1H), 9.08 (d, J = 2.8 Hz, 1H), 8.95 (t, J = 2.5 Hz, 3H),
8.89 — 8.84 (m, 2H), 8.75 — 8.65 (m, 3H), 8.62 — 8.52 (m, 2H),
8.49 (dd, J = 2.8, 1.1 Hz, 2H), 8.04 — 7.92 (m, 5H), 7.88 — 7.82
(m, 2H), 6.99 (d, J = 9.6 Hz, 1H).

Electrochemical studies

Cyclic voltammetry was carried out in a one-compartment cell,
using a glassy carbon disk working electrode (approximate area
0.03 cm?), a platinum wire counter electrode, and an Ag/AgCl
reference electrode. The potential of the working electrode was
controlled by an Autolab PGSTAT 100 potentiostat through a PC
interface. Cyclic voltammograms were recorded at a sweep rate
of 100 mVs™ from solutions in dry acetonitrile (Sigma—Aldrich,
HPLC grade). The concentration of the complexes was 8x10™
mol L?, with 0.1 mol L™ tetrabutylammonium perchlorate as
supporting electrolyte. Before each measurement, the samples
were purged with nitrogen. Redox potentials were determined by
comparison with ferrocene, added at the end of the
measurement. Luminescence titration experiments with ODNs
(GC-rich hairpin or wtTel23 G-quadruplex DNA) were conducted
by recording spectra from solutions in 10 mM HEPES, 50 mM
NaCl, 100 mM KCI (pH 7.4) buffer on a Varian Cary Eclipse
instrument. Titrations were performed by starting from the
highest DNA concentration and progressively decreasing it,
whilst the concentration of the complex (5 um) was kept
constant.

Photophysical measurements and luminescence titrations
UV/Vis absorption spectra were recorded on a Shimadzu UV-
1700 spectrophotometer. Room temperature luminescence
spectra were recorded on a Varian Cary Eclipse instrument.
Luminescence intensity at 77 K was recorded on a FluoroLog 3
FL3-22 from Jobin Yvon equipped with an 18 V 450 W short-arc
xenon lamp and an R928P photomultiplier, using an Oxford
Instruments Optistat DN nitrogen cryostat controlled by an
Oxford Intelligent Temperature Controller (ITC503S). Quantum
yields were obtained using [Ru(bpy)s]** as a reference.”
Luminescence lifetime measurements were performed after
irradiation at A=450 nm obtained as the second harmonic of a
titanium: sapphire laser (picosecond Tsunami laser Spectra at a
repetition rate of 80 kHz. A Fluotime 200 instrument from AMS
Technologies was used for the decay acquisition. It consists of a
GaAs microchannel plate photomultiplier tube (Hamamatsu
model R3809U-50) followed by a time-correlated single-photon
counting system from Picoquant (PicoHarp300). The ultimate
time resolution of the system is close to 4 ps. Luminescence
titration experiments with ODNs (GC-rich hairpin or wtTel23 G-
quadruplex DNA) were conducted by recording spectra from
solutions in 10 mM HEPES, 50 mM NaCl, 100 mM KCI (pH 7.4)
buffer on a Varian Cary Eclipse instrument. Titrations were
performed by starting from the highest DNA concentration and
progressively decreasing it, whilst the concentration of the
complex (5 pm) was kept constant.

Nanosecond transient absorption
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Nanosecond transient absorption measurements were recorded
on a previously described apparatus.*® Briefly, a LP920-K
spectrometer from Edinburgh Instruments equipped with an
iCCD detector from Andor was used. The excitation source was
a tunable Nd:YAG Laser NT342 Series from EKSPLA. The third
harmonic (355 nm) at 150 mJ was directed into an optical
parametric oscillator (OPO) to enable wavelength tuning starting
from 410 nm. The laser power at 480 nm was then attenuated to
reach appreciable signal/noise (typically 10 mJ/pulse) and the
integrity of the samples was verified by UV-Vis measurements.
All samples were recorded in argon-purged buffered aqueous
(either 10 mM HEPES, pH 7.5, 50 mM NaCl, 100 mM KCI or 50
mM Tris-HCI, 50 mM NacCl, pH = 7.4) at room temperature.

Bio layer interferometry (BLI)

BLI sensors coated with streptavidin (SA sensors) were
purchased from Forte Bio (PALL). Prior to use, they were
immerged 10 minutes in buffer before functionalization to
dissolve the sucrose layer. Then the sensors were dipped for 15
minutes in. 100 nM DNA containing solutions (biotinylated
systems A-B) and rinsed in buffer solution (10 mM HEPES pH
7.4, 50 mM NaCl, 100 mM KCI and 0.05% v/v surfactant P20)
for 10 minutes. The functionalized sensors were next dipped in
different  ruthenium(ll) complex solution at different
concentrations for 2 minutes interspersed by a rinsing step in the
buffer solution during 4 minutes. Reference sensors without
DNA immobilization were used to subtract the non-specific
adsorption on the SA layer. The sensorgrams were fitted using a
heterogeneous model. The reported values are the means of
representative independent experiments, and the errors
provided are standard deviations from the mean. Each
experiment was repeated at least two times.

Computational studies

The geometry of all complexes were optimized at the B3LYP/6-
31 g* level using Gaussian 09 software.™ Although the chirality
of the complexes might play a role in the binding association,
enantiomeric resolution is beyond the scope of the present study.
Therefore, for ease of interpretation, the A enantiomers of the
complexes were chosen for the computational studies. For the
targets we used for the quadruplex, the crystal structure of
parallel quadruplexes from human telomeric DNA (PDB entry:
1KF1) whereas we had to construct an hairpin sequence similar
to the one used for BLI experiments. First, an available hairpin
sequence (PDB entry 2VAH) was modified by removing the
nitrogenous base of the nucleotides differing from the BLI hairpin
sequence. The abasic structure was then completed using xleap
from the AMBER 12 software package,” solvated in a TIP3P
water box. Sodium cations were added until the global charge
was neutral and long-range electrostatic interactions were
computed using the particlemesh Ewald method with a cut-off
value of 10 . After minimization and heating, an MD simulation
was run at 300 K for 10 ns with the time step set at 1 fs. Among
the different hairpin conformations obtained, with the thymine
residues moving in and out of the hairpin’s T-loop, an “open”
structure was selected to account for any possible insertion of
the complexes inside the loop.

For docking calculations , we used the AutoDock 4.0 software
package.*® A grid of 80*80*80 points with a spacing of 0.5 A



between these points was used; non-polar hydrogen atoms were
merged and Gasteiger—Huckel charges were added on both the
ligand and the target. The parameters for the Ru atom were set
at r=2.96 A, g= +2.0 and the van der Waals well depth was
0.056 kcal.mol™. The docking calculations involved a genetic
algorithm search generating 50 docked structures. A default
protocol was applied, with an initial population of 150 randomly
placed individuals, a maximum number of 2.5*10° energy
evaluations, a maximum number of 2.7*10* generations, a
mutation rate of 0.02, and a crossover rate of 0.8. Results
differing by less than 2 in positional root-mean square deviation
(RMSD) were clustered together.

For the two docked positions of complex 1 against the
quadruplex, NCI computations were performed using the
NCI-Plot package!*® with the promolecular densities, using only
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New Ru(ll) complexes that gather strong photo-oxidizing power and enhanced visible light absorption were prepared with the highly
conjugated dph or bpph ligands. Bio-Layer interferometry and NCI Surface analyses show their avid binding to G-quadruplex DNA
particularly arising from interaction within the G-quadruplex groove.



