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Abstract:  The  rigid  dinuclear
[(tap),Ru(tpac)Ru(tap),]** complex
@ (TAP=1,4,5,8-tetraazaphenan-
threne, TPAC =tetrapyridoacridine) is
shown to be much more efficient than
the mononuclear bis-TAP complexes at
photodamaging oligodeoxyribonucleo-
tides (ODNSs) containing guanine (G).

emission anisotropy experiments, gives
rise under illumination to the forma-
tion of covalent adducts with the G
units of the ODNs. The yield of photo-
crosslinking of the two strands of du-
plexes by 1 is the highest when the G
bases of each strand are separated by
three to four base pairs. This corre-

sponds with each Ru(tap), moiety of
complex 1 forming an adduct with the
G base. This separation distance of the
G units of a duplex could be deter-
mined thanks to the rigidity of complex
1. On the basis of results of gel electro-
phoresis, mass spectrometry, and mo-
lecular modelling, it is suggested that

This is particularly striking with the G-
rich telomeric sequence d(T,AG3;),.
Complex 1, which interacts strongly
with the ODNs as determined by sur-
face plasmon resonance (SPR) and

ruthenium

Introduction

Mononuclear Ru" complexes containing at least two 1,4,5,8-
tetraazaphenanthrene (TAP) or 1,4,5,8,9,12-hexaazatri-
phenylene (HAT) ligands are known to give rise to a photo-
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such photocrosslinking can also occur
intramolecularly in the human telome-

N ligands .
ric quadruplex d(T,AG;),.

induced electron transfer in the presence of an electron
donor such as a guanine (G) base.'? Moreover, these Ru
compounds are capable of crosslinking covalently two com-
plementary oligodeoxyribonucleotide (ODN) strands, pro-
vided that each strand contains at least one G base, separat-
ed from each other by no or one base pair. However, the
yield of this photoreaction is rather low because the cross-
linking requires two successive absorptions of a photon by
the same Ru species. Thus, an adduct of the Ru complex on
a G base of one strand is produced by a first photon absorp-
tion and afterwards the same Ru compound forms a cova-
lent bond with a G unit of the complementary strand by a
second photon absorption. These two steps give rise to the
bridging of the two ODN strands.”!

With the aim of exploring novel targets for these photo-
crosslinkings and also improving these photoinduced double
anchoring processes, we studied an a priori more appropri-
ate Ru complex, namely the dinuclear [(tap),Ru(tpac)Ru-
(tap),]** complex (1, TPAC =tetrapyridoacridine). The pho-
tophysical and electrochemical properties of this compound
suggest that it should act as an efficient photocrosslinking
agent for the following reasons.” Firstly, the photophysical
properties of 1 are almost the same as those of mononuclear
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[Ru(tap),(tpac)]** complex (2), and the first electrochemi-
cal oxidation of 1 appears at the same potential as that of 2,
corresponding to a two-electron process involving the two
Ru centres. This suggests that the two metallic centres
behave independently in spite of the conjugated TPAC
bridging ligand. Secondly, complex 1 has an oxidizing power
in its *MLCT (metal-to-ligand charge transfer) excited

state™ similar to that of the

mononuclear bis-TAP com-

plexes mentioned above. Under
N\> illumination, 1 should thus also
be able to extract one electron
from a guanine base and give
rise to an adduct of the metallic
species to the G moiety as ob-
served, for example, with [Ru-
(tap).(phen)]**  (Figure 1).3
Moreover, due to the presence
of the two Ru metallic centres
and the four TAP ligands in 1,
the probability of obtaining
more than one photoadduct on
the same complex 1 should in-
crease and improve the photocrosslinking.

On the other hand, the photocrosslinking processes would
be of great interest in case of guanine-rich DNA sequences.
Such sequences are known to form highly ordered structures
called G-quadruplexes, because of the association of planar
G quartets of four guanine residues held together by eight
Hoogsteen-type hydrogen bonds.! These structures have
been found to play an important role in many relevant bio-
logical processes such as telomere stabilisation, oncogene
activation and regulation of the immunoglobulin switch
region.”! The design of small molecules that can bind and

HN™ N N

Figure 1. Structure of the pho-
toadduct of a Ru complex con-
taining at least two TAP li-
gands with a guanine base.
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stabilise the folded G-quadruplex conformation has received
much attention, because these nucleic acid motifs represent
valuable pharmaceutical targets.”! Thus it would be particu-
larly interesting to damage these sequences by intramolecu-
lar photobridging of two or more G bases by using the met-
allic species 1. Indeed, this photoinduced bridging process
would “freeze” the folded G-quadruplex conformation.

In this work we use 1 as a photocrosslinking agent with
ODN duplexes, and we compare its behaviour with the
properties of mononuclear bis-TAP and bis-HAT Ru com-
plexes. We report on the interaction and photoreaction of
complex 1 with the human telomeric sequence d(T,AG3),,
which is known to form G-quadruplex structures.)

Results and Discussion

Emission of complex 1: As a first step, we examined the
quenching of the emission of 1 by calf thymus DNA (CT-
DNA) and the human telomeric sequence d(T,AG;),. Emis-
sion anisotropy was also measured to assess the mobility of
complex 1 in its excited state, in interaction with CT-DNA
and the d(T,AG:;), sequence.

Luminescence quenching of 1: The ratios I/, (I=the emis-
sion intensity for different P/Ru ratios [equivalents of phos-
phate]/[complex 1] and I,=the emission intensity in the ab-
sence of polynucleotide) were plotted as a function of in-
creasing ODN concentration for a constant concentration of
1 (Figure 2). The I/I, values do not depend on the time
passed in the dark before each emission measurement,
showing that the interaction equilibrium between complex 1

1
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Figure 2. Ratios 1/, for a constant concentration of 1 (5um) plotted as a
function of the ratio P/Ru=[phosphate]/[1], with 10mMm cacodylate
buffer, 80mm NaCl, pH 7.0; circles: titration with CT-DNA; squares: ti-
tration with the human telomeric sequence d(T,AG3;),.
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and the two types of DNA is reached within a minute. Data
revealed important luminescence quenching by the polynuc-
leotides. The values I/1, at the plateau correspond to the sit-
uation in which the total amount of 1 interacts with the
polynucleotide. They reflect the content in G bases, thus in
emission quenchers. As expected, the emission of 1 is more
efficiently quenched by the telomeric d(T,AGs;), sequence
than by CT-DNA. Taking into account the value of the re-
duction potential of 1, its luminescence can indeed be effi-
ciently quenched by electron transfer from the G bases.

Emission anisotropy of complex 1 in the presence of poly-
nucleotides: By measuring the emission anisotropy under
polarised light, we can investigate the mobility/immobility
of complex 1 during its excited state lifetime while interact-
ing with DNA. The anisotropy (r) of the *"MLCT emission of
complex 1, as defined in the experimental section, was mea-
sured in the absence and in the presence of CI-DNA or the
telomeric sequence d(T,AG;), in a buffer/glycerol mixture
(50:50) at +12°C. The values of r are collected in Table 1,
together with those of [Ru(tap),(phen)]** (phen=1,10-phe-
nanthroline) as well as with values reported in the literature
for other Ru" complexes interacting with DNA.

Table 1. Anisotropy (r) data in the absence and presence of CT-DNA or
d(T,AGy),.

Complex r (without  r (with r (with
CT-DNA) CT-DNA)  d(T,AG3),)

[Ru(bpy),(dppz)]** - 0.048

[Ru(bpy)]** ! 0.0007 0.004

[Ru(tap),(phen)]**+ 1 0.002 0.020

[(tap),Ru(tpac)Ru(tap),]** (1)  0.001 0.049 0.012

[

a] The measurements were performed under the following conditions,
unless it is specified otherwise: The concentration of the complexes was
2.5um in a water/glycerol mixture (50:50) containing 10mm cacodylate
buffer (pH 7.0) and 80mm NaCl at +12°C. When present, the CT-DNA
and d(T,AGj;), concentration was 187.5um in phosphate equivalents. The
samples were excited at 450 nm and the emission was measured between
500 and 800 nm. Abbreviations: phen=1,10-phenanthroline, bpy =2,2"-bi-
pyridine, dppz=dipyrido[3,2-a:2’,3'-c]phenazine. [b] The anisotropy (r)
values calculated from the polarisation (P) values reported in the litera-
ture {[Ru]=10pm, [DNA]=1mm, 20mm sodium phosphate buffer
(pH 7.85), 10mm NaCl/glycerol (40:60)}. [c] Measurements of samples in
a water/glycerol mixture (50:50) containing 10mMm cacodylate buffer
(pH 7.0), but no NaCl was added; this was to favour the binding of this
complex, which has a much lower affinity for DNA than 1.

While the emission of 1 is almost completely depolarised
in buffer solution containing 50% glycerol, an increase of
emission anisotropy is observed in the presence of CT-
DNA. The r value of 1 is comparable to that reported for
the thoroughly studied metallo-intercalator [Ru(bpy),-
(dppz)]** (bpy=2,2"-bipyridine; dppz=dipyrido[3,2-a:2',3"-
c]phenazine).'” In contrast, the retention of anisotropy with
[Ru(tap),(phen)]**, the luminescence of which is also
quenched by electron transfer and has luminescence life-
times similar to those of 1 in the presence of DNA,M! is sig-
nificantly lower than that observed for 1. This indicates that
the high anisotropy value of 1 in the presence of CI-DNA
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reflects a high degree of immobilisation of 1. This would be
consistent with the intercalation of this dinuclear complex.
However, dinuclear complexes connected through their in-
tercalating dppz moieties through a flexible,”” a semi-
rigid™ or a rigid linker!™ have all been shown to intercalate
through an extremely slow threading mechanism requiring
large conformational changes of DNA. The absence of ki-
netic processes before reaching the equilibrium interaction
(see above) indicates that 1 does not thread one of its bulky
Ru(tap), moieties through the base pairs stack of DNA to
intercalate its planar bridging TPAC ligand. The significant
retention of emission anisotropy of 1 upon DNA binding is
therefore proposed to result from a groove binding of this
large dinuclear complex (see also discussion of molecular
modelling below).

In the presence of the telomeric sequence d(T,AG3;),, the
anisotropy values of 1 are lower than those measured with
CT-DNA. A faster rotational diffusion of the quadruplex
d(T,AG;), when compared to CT-DNA, due to its much
smaller size and different shape, most probably accounts for
this decrease of anisotropy. The emission retains, however,
significant polarisation in the presence of the telomeric se-
quence, and this indicates that 1 is held in a relatively rigid
environment when bound to the G quartet.

Interaction of 1 with oligonucleotides: The affinity constants
of 1 for the duplex and quadruplex forms were measured by
surface plasmon resonance (SPR) analyses. Moreover, mo-
lecular modelling was performed to examine the possible
binding geometries.

For the SPR experiments, we used the telomeric sequence
d(T,AGs3;), and a GC-rich duplex. These two sequences were
anchored on streptavidin-coated surfaces through a biotinyl-
ated cyclodecapeptide (see Experimental Section)."”! From
these SPR data (see Supporting Information) we found that
1 exhibits a good affinity for both systems. The affinity con-
stants were, indeed, estimated to be 7.6x10°m~! for the telo-
meric sequence d(T,AG;), and 2.9x10°m™! for the GC-rich
duplex.

Earlier molecular modelling and experimental studies of
the DNA-binding geometry of structurally related dinuclear
complexes showed that the bridging ligand tpphz (tetrapyri-
dophenazine), which has the same dimension as TPAC, is
not long enough to allow the corresponding dinuclear com-
plex to span the base pairs stack of DNA.[® Instead, this
complex was proposed to bind to DNA through adsorption
in the major groove,!®l a binding mode also proposed for a
large dinuclear ruthenium(II) triple-stranded helicate.!”!
The molecular modelling for 1 suggests that its intercalation
through the DNA grooves is also very unlikely, because the
distance between the hydrogen atoms of the two TAP li-
gands on the same Ru" centre is 10.6 A, that is, around
three times the distance between adjacent m-stacking base
pairs in DNA. Moreover, intercalation by threading does
not accord with the binding equilibrium being reached
within the minute (vide supra). Complex 1 can accommo-
date the pocket formed by the major groove (process often
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referred to as “adsorption”) with almost no change in the B-
helix DNA structure (Figure 3A)."®! Quadruplex structures,
such as human telomere d(T,AG3;),, offer a broad range of
interaction geometries: in addition to groove binding and

ure 3B). In the telomeric sequence, there are two small
grooves, one middle-size groove and one wide groove. The
width of the small groove is too small for 1 to interact with
the guanine residues. The other two grooves are large

enough to accommodate 1 with the TPAC plane perpendicu-
lar to the guanine sheets (Figure 3B shows a plausible inter-
action along the wide groove). This makes possible hydro-
gen-bond formation between the nonchelated nitrogen
atoms of the TAP and the amino hydrogen of the guanine
pointing outwards at the periphery of the telomeric se-
quence.

Photoreaction of 1 with G-containing ODNs: The emission
quenching of 1 by CT-DNA and the telomeric sequence is
accompanied by the formation of photoproduct(s), as evi-
denced by changes of the absorption spectrum after illumi-
nation (see Supporting Information). Moreover, after dialy-
sis of the illuminated solution in the presence of CT-DNA
or the telomeric sequence, the MLCT absorption band in
the visible region is still present with a 1., shifted into the
blue direction when compared to that of the starting com-
plex (see Supporting Information). This indicates that the
photoproduct(s) corresponds to covalent adducts on these
sequences.*!

With G-containing duplexes: The photoreaction of 1 was
first examined in the presence of different ODN duplexes
containing one guanine (G) base on each strand. Therefore,
a series of 17-mer ODN duplexes ds0-ds6 were prepared.
They differ by the number of base pairs between the G’s on

Figure 3. “Stick” molecular models shown from different view axes of the
interaction of 1 (in dark blue): A) along the major groove of a duplex
DNA and B) between the intramolecular grooves of the “143D” telo-
mere quadruplex structure. The backbones are shown as grey tubes. Dis-
tances for complex 1 are also indicated.

each strand, going from zero to six base pairs (Table 2).
Table 2 also gives the distances between the amino groups
of the two G’s for each duplex, as calculated by molecular
modelling.

As the photoproducts correspond to adducts of complex 1

on the G bases of the oligonucleotides, gel electrophoresis
core intercalation, other inter-
action modes, such as end past-

ing and loop interaction, have Table 2. The different ODN duplexes studied in the presence of 80mm NaCl after 15 min illumination.

also been reported.[”’] If we Sequence Distance® ODN [%]
consider an end-pasting mode (A] Starting Photo- Photocross-
(i.e., docking of the complex on : material adduct linking"”
top of a G quartet),[2°’2” from ds0 ZTTT.TCG.TTT.TAA.ATT.TA? 3.9 26 68 6
. . AAA.AGC.AAA.ATT.TAA.AT
our S{mulatlons we observe that ds1 STTT.TTT.TCT.GAA.ATT.TA” 7.6 32 56 12
the size and shape of 1 would YARA . AAA.AGA.CTT.TAA . AT®
accommodate the size of a ds2 STTT.TTT.TCT.AGA.ATT.TA” 113 42 47 11
quartet, but the loops (the ?AZ—\A.AZ—\A.AGA.TCT.TAA.AT? ]
. ds3 TTT.TTT.CTT.AGA.ATT.TA 14.8 33 42 2
DNA backbone surrounding VAR BAA GAA. TCT. TAR AT
the quartet sheets) leave no suf- ds4 STTT.TTC.TTT.AGA.ATT.TA 18.1 30 43 27
ficient space to adsorb, neither SAAA.AAG.AAA.TCT.TAA.AT®
on the top, nor at the bottom of  ds5 “TTT.TCT.TTT.AGA.ATT.TA® 213 36 47 17
the three sheets of G4. Instead, “AAA.AGA.AAA.TCT.TAR.AT”
ds6 STTT.TCT.TTT.AAG.ATT.TA’ 24.4 40 43 17

1 can interact in the grooves
formed by neighbouring loops
at the four sides of the telomer-
ic sequence perpendicularly to
the plane of the G4 sheets (Fig-

“AAA.AGA.AAA.TTC.TAA.AT"

[a] Distance [A] between the amino groups of the two G’s for each duplex, as calculated from molecular mod-
elling. [b] For the determination of the percentages, we did not take into account the intensity of the spots that
migrate a little less than the photoadduct (very weak intensity). Moreover, the percentages represent averaged
values for 3-4 experiments after 15 min illumination (see also Supporting Information, Figure S4).

3954 —— www.chemeurj.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 3951 -3961


www.chemeurj.org

Ruthenium(IT) Photoactivable Agent

experiments were performed to detect these adducts as a
function of the illumination time of 1 in the presence of
each duplex. These polyacrylamide gel electrophoresis
(PAGE) experiments were performed under denaturing con-
ditions. The bands should thus correspond to single strands,
and those migrating less rapidly than the starting material
could be attributed to adducts of 1 on the single-strand
ODN (photoadducts) or to photocrosslinking. In addition,
to determine the distance of migration corresponding to a
duplex, that is, two strands migrating together under dena-
turing conditions and corresponding to a photocrosslinking
by complex 1, we deposited on the gel a 17-mer duplex
ODN with a chemically attached photoreactive Ru complex,
before and after illumination (Figure 4, lanes 15 and 16). We

' <— Photocrosslinking

<— Photoadduct

bbbl L L]
J“. -s J.. LT !“ <— Starting material

Z. 3 5 7 8 9 10 1112 13 14 1516

Figure 4. Gel electrophoresis analysis (20% denaturing polyacrylamide
gel) of ds3 and ds4 (55um) and complex 1 (15um) in 10mm sodium caco-
dylate buffer, 80 mm NaCl, at pH 7, and with illumination with the He/Cd
laser at 442 nm. Lane 1: non-illuminated ds3; Lane 2: non-illuminated
ds3 with 1; Lane 3: ds3 with 1 after 4 min illumination; Lane 4: ds3 with
1 after 8 min illumination; Lane 5: ds3 with 1 after 12 min illumination;
Lane 6: ds3 with 1 after 16 min illumination; Lane 7: ds3 with 1 after
30 min illumination; Lane 8: non-illuminated ds4; Lane 9: non-illuminat-
ed ds4 with 1; Lane 10: ds4 with 1 after 4 min illumination; Lane 11: ds4
with 1 after 8 min illumination; Lane 12: ds4 with 1 after 12 min illumina-
tion; Lane 13: ds4 with 1 after 16 min illumination; Lane 14: ds4 with 1
after 30 min illumination. Lane 15: non-illuminated Ru-derivatised
duplex; Lane 16: Ru-derivatised duplex after 30 min illumination.

showed in the past that after illumination of this duplex
chemically derivatised by [Ru(tap),(dip)]** (DIP=4,7-di-
phenylphenanthroline), the two strands become irreversibly
photocrosslinked.” Consequently, the spot in Figure 4,
lane 16 constitutes a reference for the photocrosslinking pro-
cess between two 17-mer ODNSs. If complex 1 is able to pho-
tocrosslink the different duplexes, a spot with the same elec-
trophoretic mobility as that of the Ru-derivatised duplex in
lane 16 is thus expected.

A representative result of a gel electrophoresis analysis is
shown in Figure 4. The smears accompanying the spots are
due to adsorption of 1 on single strands (or double
strands).”*! This adsorption seems to cause a splitting in two
of the migrating ODN bands (Figure 4, lanes2 and 9; see
also Supporting Information, Figure S4, lanes 10, 14 and 18

Chem. Eur. J. 2010, 16, 3951 -3961
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before illumination) and makes attribution of the spots
more difficult. However it is clear (see also Supporting In-
formation, Figures S4 and S5) that new spots have appeared
with illumination. The spots designated “photoadduct” are
attributed to the covalent adducts of complex 1 on the
ODN. This attribution is made by comparison with the
known behaviour of the other photoreactive bis-TAP com-
plexes studied up to now in the presence of G-containing
ODN.I"? The spots that migrate as in lane 16 (Figure 4; see
also Supporting Information, Figure S4, lane 22), that is, as
the two 17-mer ODNs covalently linked by a mononuclear
complex, are attributed to the photoproducts resulting from
the photocrosslinking of the two ODNs through complex 1.
The percentages of the bands for the starting ODN, photo-
adduct and photocrosslinking collected in Table 2 represent
the average of the values determined from three to four ex-
periments. As shown in Table 2 for the illumination of
15 minutes, the maximum of photocrosslinked strands is ob-
tained for ds3 and ds4 (25% and 27 %, respectively), in
which the inter-guanine distances are 14.8 and 18.1 A, re-
spectively (i.e., 3 and 4 base pairs).

For ds3 and ds4, the evolution of the intensity of the spots
has also been measured as a function of the illumination
time (Figure 4); the corresponding percentages are collected
in Table 3. After a short period of illumination (4 min), the

Table 3. Percentages of photoadduct formation for complex 1 with ds3
and ds4 in the presence of 80mM NaCl as a function of the illumination
time with the He/Cd laser at 442 nm.

Duplex t Unreacted Photo- Photocross-
[min] [%] adduct [%)] linking [% ]

ds3 0 100 0 0

ds3 4 64 30 6

ds3 8 53 36 11

ds3 12 45 38 17

ds3 16 38 38 24

ds3 30 28 35 37

ds4 0 100 0 0

ds4 4 65 30 5

ds4 8 52 36 12

ds4 12 43 38 19

ds4 16 37 38 25

ds4 30 25 38 37

adduct of 1 on one strand represents already 30% and the
photocrosslinking accounts only for 6 % of the total radioac-
tivity. With increasing illumination time, the photoadduct
first increases and afterwards remains more or less constant,
whereas the photocrosslinking increases steadily. This be-
haviour suggests that the photoadduct is first produced and
the absorption of light by this compound leads to the cross-
linking process of the two strands.

According to the structure of the photoadduct determined
previously with the bis-TAP complexes (Figure 1), the pho-
toreactive positions generating the adduct on the TAP
ligand are in the a-positions of the nonchelating nitrogen
atoms. From the molecular modelling of 1, there are eight
possibilities for the distances between the carbon atoms in

— 3955
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the a-positions of the nitrogen atoms of the different TAP
units belonging to the opposite metal centres (the two -
carbon atoms on one TAP of the first metal centre with the
four a-carbon atoms of two TAPs of the second metal
centre): 12.6, 15.5, 17.0 (3 times), 17.2, 19.9, and 20.5 A.
Therefore, there are five chances out of eight to have photo-
reactions at two TAP reactive sites separated by distances of
15.5-17.2 A. These distances correspond to those separating
the amino nitrogen atoms of the two G’s of ds3 and ds4
(14.8 and 18.1 A respectively, Table 2) that lead to the high-
est percentage of photocrosslinking. This result also affords
strong support to a binding mode by adsorption in the
duplex grooves (see Figure 4 A). The photocrosslinking ob-
served with zero or one base pair between the two G’s prob-
ably corresponds to a photocrosslinking by two TAP ligands
belonging to the same Ru ion of 1.

With the telomeric sequence: Taking into account the high
photoreactivity of 1 towards the G-containing ODNs, we
tested the photoreactions with the telomeric sequence
d(T,AGs),. For this purpose, gel electrophoresis experiments
were carried out under denaturing conditions after illumina-
tion of 1 in the presence of the d(T,AG;), quadruplex form
(see Experimental Section). Figure 5 shows the gel electro-

+~ ™ <« Photoadduct f

%‘3 <+— Photoadduct e

«+— Photoadduct d

<+— Photoadduct ¢
~«— Photoadduct b

«— Photoadduct a

Figure 5. Gel electrophoresis analysis of the reaction mixture of the telo-
meric sequence (T,AG;), (SSum) and 1 (1Spm) in 10mMm cacodylate
buffer, 80mm NaCl, at pH 7, and with illumination with the He/Cd laser
at 442 nm. Lane 1: non-illuminated sequence; Lane 2: non-illuminated
sequence in the presence of 1; Lanes 3-5: crude reaction mixture of telo-
meric sequence and 1, after 3, 6, and 9 min of illumination, respectively.
For lane 3, the approximate percentages of each photoadduct are: 28 (a),
26 (b), 16 (¢), and 13% (e); photoadducts d and f are not measured.

phoresis analysis for complex 1 illuminated as a function of
time in the presence of the telomeric sequence (T,AG3),,
when a [telomere phosphate]/[1] ratio of 3.66 is used. It is
very interesting that after only 3 minutes (lane 3), 75-80 %
of the starting sequence (>90% after 6 min and 9 min) has
already disappeared. This is extremely rapid compared to
the photoreaction on ODNSs achieved in the past under simi-
lar conditions with mononuclear bis-TAP complexes,* and
currently with the [Ru(tap),(tpac)]** complex (2). In this

3956 ——
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last case, under the same conditions, only 18 % of the start-
ing telomeric sequence was photodamaged after illumina-
tion for 3 minutes (see Supporting Information, Figure S5).
This shows that dinuclear complex 1 is much more efficient,
and consequently that the high percentage of photodamage
is not caused solely by the telomeric sequence being rich in
G units. Moreover, as shown in Figure 5, complex 1 in con-
trast to complex 2 (Supporting Information, Figure S5) gives
rise to the appearance of five to six new spots, the sixth spot
being visible in the starting well. The different photopro-
ducts a—f detected with 1 could be attributed to the irreversi-
ble addition of one to six complexes 1 on the oligonucleo-
tide sequence. Because complex 1 has a 4+ charge, the 24
negative charges of the 24-mer single-strand telomeric se-
quence should be neutralised after the addition of six com-
plexes, which could explain the presence of a nonmigrating
spot remaining in the starting well.

During the first minutes of illumination (Figure 5, lane 3)
the different photoadducts already appear and, as a function
of the illumination, the faster migrating adducts decrease in
favour of the nonmigrating band (photoadduct f). Although
it is clear that several photoadducts are formed, these results
do not indicate whether complex 1 bridges two guanine
bases of the sequence. To check this possibility and prove
the existence of covalent adducts, we analysed a solution of
1, illuminated with the telomeric sequence, by nano-electro-
spray mass spectrometry. For these experiments, other illu-
mination conditions were used (see experimental section)
and the resulting solutions were dialysed and analysed by
gels. They indicated mainly the presence of photoprod-
ucts a—¢, without d-f.

The recorded mass spectrum of this dialysed solution, pre-
sented in Figure 6, reveals the presence of different cationic
species that can be readily identified on the basis of the
measured mass-to-charge ratios, provided the charge state
of each detected ion is first identified. This was achieved by

|6+
[(T,AG,), + one complex 1]’ [(T,AG,),15*

1496.1
\ 1524'/

I [(T,AG;), + one complex 1

lf'

[(T,AG,), + two complexes 1]"*

‘ [(T,AG;), + two complexes 1]**
il \.1 710.4
il ‘ I
‘. JJMI 17905
|

1281.8 | | \ ‘|,| a
| o 5 n"m‘w

M‘Lll/ ]ll‘“mr"mww"wﬁwﬂ P maatormnsiond | \‘W«

[(T,AG,)J% 1466.4

m/z

Figure 6. Mass spectrometric analysis of the “telomere/complex 1” solu-
tion after irradiation: nano-ESI mass spectrum (positive ion mode) of the
crude reaction mixture after dialysis, evaporation, and dissolution in
aqueous ammonium acetate (50mm). Values correspond to the most
abundant species inside each distribution.
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measuring the m/z difference between two adjacent signals
inside each distribution. It is worth remembering that each
distribution in the spectrum arises from progressive replace-
ments of one proton by one sodium ion (AMW =22 u.)

As expected, signals corresponding to the starting telo-
meric sequence d(T,AGs;), are observed at m/z 1281.8 and
1524.7 and are readily attributed to sixfold- and fivefold-
charged cations, [(T,AG;),+1H*4+5Na*]%+ and
[(T,AG;)4+3H*4+2Na*]’*, respectively, for the most abun-
dant species inside each distribution. More interestingly, the
mass spectrum also reveals the existence of covalent adducts
of 1 on the telomeric sequence after illumination. We clearly
identify ions arising from the covalent addition of one and
two complexes on the oligonucleotide sequence. The corre-
sponding ions are detected at m/z 1496.1 (6+) and 1790.5
(5+), for [(T,AG;),+one complex 1], and at m/z 1466.4
(74+) and 17104 (6+), for [(T,AG;),+two complexes 1]
(see below for the adjustment of the resulting charge with
Nat and/or H* cations).

Upon irradiation, the telomeric sequence gains thus one
and two complexes 1 and, according to the structure of the
adduct of one TAP complex on a G base (Figure 1), this ad-
dition process should be accompanied by the loss of one
molecule of hydrogen per one covalent bond formation.
Consequently, in the case of the addition of one complex 1
to the sequence, [(T,AG;),+one complex 1], a confirmation
by mass spectrometry of the number of covalent bond(s)
inside this adduct (one or two) relies on the determination
of a 2 u or 4 u difference when compared to the noncovalent
interaction of d(T,AG;), with one complex 1 (thus not pho-
tochemically attached).”™ The results are still more compli-
cated if two complexes of 1 would form covalent adducts on
the telomeric sequence (each adduct with one or two cova-
lent bonds formed). In such a case, there can be differences
of 4, 6, or 8 u compared to noncovalent interactions between
d(T,AGs;), and two complexes of 1. Whether there are cova-
lent bonds between complex 1 and d(T,AGs;), or not is thus
confirmed by only minute differences or equalities between
the experimental and calculated m/z values for different
possibilities of covalent adducts. The calculated m/z values
for noncovalent interactions and covalent adducts with an
increasing number of covalent bonds are presented in
Table 4; the formula correspond to the species obtained by
(noncovalent and covalent) interaction between one com-
plex 1 or two complexes of 1 and the telomeric sequence.
They do not include the required adjustment of the mass
and charge by the required number of proton or sodium
atoms. Thus, the initial charge of the species, if the counter-
anions are not considered, is evidently defined by the
number of Ru cations in the formula. Consequently, from an
eight-charged species (addition of two complexes 1), for ex-
ample, the corresponding six-charged cations detected upon
ESIMS analysis are obtained by the removal of two protons.
Those protons are likely to originate from the phosphodiest-
er groups constituting the skeleton of the ODN sequence. In
the same way, the replacement of hydrogen atoms by
sodium atoms can be realised without modification of the
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Table 4. Different bindings (noncovalent and covalent) between complex
1 and the telomeric sequence for the addition of one or two complexes 1
to the (T,AGs3;), telomere with the predicted mass-to-charge ratios.

(T,AG;), + one complex 1

Type of interaction Caled m/zl"

(6+) 1496.565
(6+) 1496.213
(6+) 1495.877

Formula!®

Ci0sH334N1170146P 23R U,
CiosH33N1170146P23RU,
Ci0sH330N1170146P23RU,

noncovalent
1 covalent bond
2 covalent bonds

(T,AG3;), + two complexes 1
Type of interaction Formulal”

C37(iH371N13SOl46P23Ru4
C37(JH369N13SOI46P23RH4
Ci70H367N1330146P 23Ry
Ci70H365N1330146P 23R Uy
C37(JH363N13SOI46P23Ru4

Caled m/z!

(6+) 1711255
(6+) 1710.919
(6+) 1710.583
(6+) 1710.247
(6+) 1709.911

noncovalent

1 covalent bond
2 covalent bonds
3 covalent bonds
4 covalent bonds

[a] Formula corresponding to the telomere plus one or two complexes 1
(thus, charges 4+ or 8+) without covalent and with covalent bond for-
mation and without explicit addition or elimination of H* or Na™ for the
charge adjustment (see text). [b] Calculated m/z ratio for a sixfold-
charged cation containing four sodium cations. [c] Calculated m/z ratio
for a sixfold-charged cation containing three sodium cations.

charge of the detected ions, but, of course, with modification
of the mass due to the sodium atoms.

In the case of the [(T,AGs;),+one complex 1] species, as
depicted in Figure 6, the more intense peak distribution ob-
served corresponds to the sixfold charged ions, with m/z
1496.088 (1496.1) as the base peak. As potential formula for
these corresponding 6+ ions, we can consider three differ-
ent possibilities, which are presented in Table 4. This com-
parison (experimental versus calculated data) definitely
rules out the occurrence of a noncovalent interaction, be-
cause the corresponding m/z ratio would be much larger
than the experimental value. This shows also that the dialy-
sis treatment is efficient, and unambiguously confirms the
covalent nature of the binding between complex 1 and the
telomeric sequence. We can thus confirm that at least one
covalent bond is formed between both partners. Unfortu-
nately, this does not allow us to conclude that an intramolec-
ular photocrosslinking has formed. Nevertheless, given that
the measured mi/z ratio is intermediate between the calculat-
ed m/z values for both covalent species (that with one cova-
lent bond and that with two covalent bonds), it is reasonable
to propose that a mixture of both covalent species was gen-
erated.

As far as the [(T,AG;),+two complexes 1] species is con-
cerned (thus with an initial charge of 8+), the most abun-
dant ion observed in the mass spectrum of Figure 6 is de-
tected at m/z 1710.365 (1710.4), and is identified as a six-
fold-charged cation containing three sodium ions (thus
—5H™" and +3Na™). Several possibilities have to be consid-
ered to account for the experimental »/z ratio. In the pres-
ent case, not less than five possibilities were calculated, and
the theoretical values are listed in Table 4. Again, the mea-
sured m/z ratio that amounts to 1710.365 confirms the cova-
lent nature of the interaction, because the corresponding 1/
z ratio of the noncovalent adduct (1711.255) is much larger
than the experimental value. Moreover, the measured data
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of m/z 1710365 lies between m/z 1710.247 and m/z
1710.583. This indicates 1) the occurrence of at least one co-
valent bond per complex (a total of two covalent bonds for
the species) and 2) most probably the appearance of three
covalent bonds in the species containing the telomeric se-
quence with two complexes. Thus, at least one of the cova-
lently bound complexes would have photobridged two G’s
of the sequence. The presence of a mixture of different co-
valent species (two covalent and three covalent bonds) can
explain the mass spectrometry data.

On the basis of these results, we performed molecular
modelling of the intramolecular photocrosslinking of the te-
lomeric sequence by 1. We considered that covalent bonds
occur between the carbon a to the nonchelating nitrogen of
one TAP and the nitrogen of the guanine amino group.
Such modelling is made easier thanks to the rigidity of the
TPAC ligand and the resulting complex 1. Thus, starting
from the configuration shown in Figure 3B, in which 1 ac-
commodates the wide groove of the telomeric sequence, we
covalently linked 1 to the telomere and carried out molecu-
lar dynamics (MD) simulation. At 298 K on the 2 ns time-
scale, we observed that 1 has no tendency to intercalate
through the G quartet, and remains on the periphery, out-
side the loop as shown in Figure 7, corresponding to the last

Figure 7. Structure of the last snapshot of the 2 ns MD run of 1 covalently
linked to the 143D telomere d(T,AG3;), (structure based on data in refer-
ence [9a]). Complex 1 is shown in dark blue, the sugar phosphate skele-
ton as a gray tube, Na™ in purple, G in green, A in red, T in pale blue,
and the hydrogen bonds as dashed green lines. The models are shown
with the quartet sheets almost perpendicular (left) and parallel (right) to
the view (hydrogen atoms are omitted for the sake of clarity).

snapshot of the MD (see Supporting Information, Fig-
ure S6). The telomeric structure in the three sheets of G4 is
globally maintained, although from time to time in the MD
one G is no longer hydrogen bonded to the other G of one
quartet (see, e.g., one G shown by the black arrow in
Figure 7, see also Supporting Information, Figure S7). The
DNA backbone loops are slightly different from the initial
structure, but globally the anti-parallel shape of the loops is
maintained and the Na™ ions remain in between these
sheets, centred in the square formed by each G quartet.
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Conclusion

Our results demonstrate clearly that compound 1 may be
considered as the most efficient photoreactive bis-TAP Ru
complex, forming covalent adducts with the G bases of
ODNs in duplexes or quadruplex forms. A combination of
favourable factors explains this photoreactivity. A strong in-
teraction of 1 with the ODNs as concluded from the SPR
and retention of anisotropy data constitute a prerequisite
for this photoreactivity. Moreover, the bridging ligand
TPAC, in spite of its planar and conjugated character, does
not behave as a good coupling agent of the electronic prop-
erties of the two metal centres, so that each Ru centre keeps
its own excited state properties, that is, the capability of
electron extraction from G bases, which induces the forma-
tion of covalent bonds and adducts. After a first photon ab-
sorption and an adduct formation, this new species is able in
its turn to produce a second adduct with another G base
after a second photon absorption, and induces in this way a
photocrosslinking between two base units.

Concerning the experiments performed with the ODN du-
plexes, the higher yield of photocrosslinking when the two
G bases are separated by three to four base pairs is in agree-
ment with the above conclusion, according to which each
Ru(tap), centre of complex 1 plays an independent role. As
the TPAC ligand is quite rigid, as is the resulting complex 1,
the calculation of the distances between the two Ru reactive
moieties can be estimated and compared to the distances
separating the two photocrosslinked G’s in the duplex. This
calculation agrees perfectly with the experimental results
concerning the photocrosslinking. These interesting results
with the duplexes also stress the advantages of using com-
plex 1 as a rigid molecular ladder for measuring the best dis-
tance between 2 G units to reach the highest efficiency of
photocrosslinking by 1.

The photodamaging effect of complex 1 is particularly im-
pressive towards the quadruplex d(T,AG;),. As explained
above, this is most probably due to reabsorption of photons
by a same dinuclear species. Actually, complex 1 should be
able to photocrosslink several G bases of a same telomeric
sequence. As already discussed, this is difficult to demon-
strate. However, we have several arguments in favour of this
hypothesis. If we take into account that the MS data unam-
biguously indicate that more than one complex 1 is cova-
lently bound to one telomeric sequence, this means that the
local concentration of photoadducts on the ODN is high,
which favours absorption of light by these species and thus
favours the photocrosslinking. The detailed analysis of the
MS results indicates the existence of such processes. In addi-
tion, the photocrosslinkings of the ODN strands in duplexes
by 1 also support this hypothesis, and the molecular model-
ling simulations of the “quadruplex complex 1” species with-
out and with covalent bond formations are also compatible
with our conclusions. Such intramolecular photocrosslink-
ings could block the activity of the telomerase because the
telomere’s unfolding would no longer be possible, which
could lead to interesting biomedical applications.
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Experimental Section

Materials and products: [Ru(tap),(tpac)]Cl, (2) and dinuclear [(tap),Ru-
(tpac)Ru(tap),]Cl, (1) complexes were synthesised according to proce-
dures previously described.! The 17-mer ODNs were prepared by auto-
mated DNA synthesis on an ABI 3400 DNA synthesiser (Applied Bio-
system) by use of standard p-cyanoethylphosphoramidite chemistry on a
1 pmol scale. For the Ru-labelled ODN used as reference (see below),
the [Ru(tap),(dip)]** complex (DIP =4,7-diphenylphenanthroline deriva-
tised by a linker) was attached to the 5'-end of ODN according to proce-
dures previously described.”” The ODNs were purified by PAGE, by
using tris-borate/ethylenediaminetetraacetic acid (TBE) buffer and urea
(7m). The double stranded ODNs were prepared by heating the radioac-
tively labelled strands with their complementary strands to 90°C for
5 min, and then allowing them to return at room temperature overnight.

The human telomeric sequence d(T,AGs;), was purchased from Eurogen-
tec (Liege, Belgium). The sequence was dissolved in buffered aqueous
solutions containing Na™* ions, heated to 95°C for 10 min, and left over-
night at room temperature before use. Denaturing curves for the se-
quence d(T,AGs;), (c=6um) were determined in 10mM sodium cacodyl-
ate and 80mm NaCl at pH 7.0, from two temperature cycles going from
80°C to 10°C and vice versa (see Supporting Information). The melting
temperature corresponded to 47°C and was increased by 2°C in the pres-
ence of 1.5um of complex 1 (see Supporting Information). The T4 poly-
nucleotide kinase was purchased from Pharmacia Biotech and the
[y-?P]ATP from Amersham. Urea was purchased from Bio-Rad, acryl-
amide from Acros, 1M tris(hydroxymethyl)aminomethane hydrochloride
(Tris-HCl), pH 7.0, boric acid, adenosine 5'-phosphosulfate sodium salt
(APS), N,N,N',N'-tetramethylethylenediamine (TEMED), and ethylene-
diaminetetraacetic acid (EDTA) from Sigma. Glycerol (99.5+ % spectro-
photometric grade) used for the anisotropy experiments was purchased
from Janssen Chimica (Belgium).

5'-End-labelling reactions: The human telomeric sequence d(T,AGs;),
and the 17-mer ODNs were 5-end-labelled by using T4 polynucleotide
kinase and [y-*P] ATP at 37°C for 30 min. Electrophoresis Blue (10 pL)
was added to 5um aqueous solutions of the double-stranded ODN (or te-
lomeric sequence) prior to deposition on the gel. The photoreaction
products were separated by migration on a 20% denaturing (7M urea)
polyacrylamide gel (acrylamide/bisacrylamide=19:1) by using TBE
buffer (90mwm tris-borate, 2mm EDTA, pH 8.0). In the case of the duplex
containing the attached [Ru(tap),(dip)]** complex, the non-Ru-labelled
strand of the duplex was *P-labelled at the 5" extremity.

Photoreactions: The changes of absorption due to the photoreactions
were followed as a function of the illumination time of the Ru complexes
(with a He/Cd laser, 30 mW, Melles Griot, excitation wavelength=
442 nm) in the presence of different ODNs at room temperature. Typical-
ly, a 10 puL solution containing the Ru complex (15um) and ODN (single
strand or duplex) or human telomeric sequence d(T,AG;), (55um in
base-equivalents) with 10mm sodium cacodylate and 80mm NaCl buffer
at pH 7.0, was illuminated. For the MS analyses, the photoreactions were
carried out by irradiating a 300 pL sample containing complex 1 (45 um)
and human telomeric sequence d(T,AG3;), (165um) with 10mm sodium
cacodylate and 80mm NaCl buffer at pH 7.0. Under these conditions, an
illumination time of 15 min was chosen, so that the faster-migrating spots
(i.e., photoadducts a, b, and ¢ in Figure 5, see above) could be easily de-
tected by gel electrophoresis analysis. After dialysis, evaporation, and dis-
solution in aqueous ammonium acetate, the thus obtained solution was
immediately subjected to the nano-ESI analysis.

Instrumentation: The absorption spectra were recorded on a Perkin—
Elmer Lambda 40 UV/Vis spectrophotometer. The emission spectra were
obtained on a Shimadzu RF-5001PC spectrofluorimeter equipped with a
Hamamatsu R928 red-sensitive photomultiplier tube for detection and a
250-W Xe lamp as excitation source. The electrophoresis gels were ex-
posed to a Phosphor Imager screen overnight at —80°C. The gels were vi-
sualised by a Phosphor Imager Storm 860 instrument (Amersham Phar-
macia Biotech).
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Mass spectrometry: The illuminated samples of complex 1 with sequence
d(T,AG;), were dialysed three times consecutively during 1h against a
2m NH,CI solution, then three times consecutively during 1 h against de-
ionised water. The cellulose dialysis membrane with a cut-off of 6.6—
8 KD was purchased from Bioblock. Water was evaporated by using a
speed vacuum and the residue was dissolved in a SO0mM ammonium ace-
tate solution (pH 6.9) to achieve an approximate 50 um oligonucleotide
concentration. The solution was immediately subjected to the MS analy-
sis. MS measurements were performed on a Waters QToF2 apparatus
equipped with an orthogonal nano electrospray ionisation (nano-ESI)
source (Z-spray) operating in positive ion mode. Sample solutions were
directly injected into the ESI source from Proxeon NanoES capillaries.
Typical ESI conditions consisted of the following: capillary voltage
1.0kV, cone voltage 100V, extractor voltage 5V, source temperature
80°C, and desolvation temperature 120°C. Dry nitrogen was used as the
ESI gas. The quadrupole was set to pass ions from 100 to 3000 Th and
the ions were transmitted into the pusher region of the time-of-flight ana-
lyser for mass analysis with 1s integration time. Data were acquired in
continuum mode until acceptable average data were obtained.

Emission anisotropy: Emission anisotropy data were obtained by the L-
format method by using an Edinburgh Instruments FS-900CDT steady-
state spectrophotometer (Edinburgh Instruments, UK) equipped with a
450 W xenon lamp as excitation source and a Peltier-cooled Hamamatsu
R955 red-sensitive photomultiplier for detection. All the measurements
were temperature controlled with a thermostated circulating bath.

The samples were excited at 450 nm and the emission was collected be-
tween 500 and 800 nm (with a Coherent-Ealing 495 nm cut-off filter)
with a constant band width of 10.4 nm. Glan Thompson (calcite) polaris-
ers were used for both the excitation and emission light, and the anisotro-
py (r) of the emitted light was calculated by using Equation (1))

Iyy — Iy

=
Iyy + 21y

1

in which /;; are the intensities integrated over the frequencies of the lumi-
nescence spectra recorded with different polarisations, the first subscript
describing the excitation polariser position (vertical (V) or horizontal
(H)) and the second the emission polariser position. Iyy, is the integra-
tion of the corresponding emission spectrum corrected for the different
sensitivities of the detection system for vertically and horizontally polar-
ised light as shown in Equation (2):

1
VH(c) — VHﬂ
Fwo = Fn g0 2)

The samples consisted of 2.5um ruthenium complex in a water/glycerol
mixture (50:50) containing 10mm cacodylate buffer (pH 7.0) and 80mwm
NaCl. When present, the CT-DNA as well as the d(T,AGs;), sequences
were used at a concentration of 187.5um phosphate equivalents (phos-
phate/complex=75) to ensure complete displacement of the binding
equilibrium towards the bound species. The circular dichroism (CD)
spectrum of CT-DNA in the mixture of buffered aqueous solution/glycer-
ol (50:50) was recorded, and showed the typical CD signature of B-form
DNA (a positive band centred at 275 nm, a negative band at 240 nm, and
the intersection with the abscissa axis at 259 nm).””! The CD spectrum of
d(T,AG:s;), recorded under the same conditions contained positive peaks
at 245 and 295 nm and a negative band at 265 nm, in agreement with the
single strand ODN folding into an antiparallel G-quartet structure.!
These CD measurements confirm that the secondary structures of both
CT-DNA and d(T,AG;), are retained in the solvent mixture used for an-
isotropy measurements.

SPR measurements with ODNs and complex 1: The SPR measurements
were performed on a BIAcore T100 instrument (BIAcore AB, Sweden)
operated with BIAcore T100 Software 1.1. The experiments were carried
out at 25°C, and by using a working buffer (W.B.) consisting of an aque-
ous solution of 10mm HEPES, pH 7.4, 100mm NaCl, 100mm KCI, and
3mm EDTA with 0.05% (v/v) surfactant P,,. The different oligonucleo-
tides were immobilised on a Streptavidin-coated surface (SA sensor chip,
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BIAcore AB). The quadruplex ODN consisted of d(T,AGs;), and the
duplex ODN was composed of an oligonucleotide forming a hairpin
structure dCGCGCGCGCTTTTGCGCGCGC?). These oligonucleotides
were anchored through their 3'-extremities on a peptidic scaffold possess-
ing a biotin residue for immobilisation on the Streptavidin surface.™!
After conditioning of the surface with a 1 min injection of a 0.2m NaOH/
5Mm NaCl solution, the ODNs were injected at 2 uLmin~" until a final re-
sponse of 437 RU (response units) and 445 RU was obtained for quadru-
plex and duplex ODNS, respectively. Binding experiments were conduct-
ed at 30 uLmin~! by injection of 1 dissolved in the W.B. at concentrations
from 50 to 500 nm (injection time 120 s, dissociation time 500 s). Regener-
ation of the surface was achieved by two successive injections (120,
30 uLmin ') of 10mm glycine-HCI (pH 2.0). A nonmodified channel (i.e.,
a channel in which the peptidic scaffold without attached ODNs was
anchored via the biotin residue) was used as reference. Curves obtained
on the reference surface were subtracted from the curves recorded
during the recognition process, allowing elimination of refractive index
changes (due to buffer effects) and corrections of the nonspecific interac-
tions of 1 with the Steptavidine surface (which are not negligible at high
concentrations). A heterogeneous model was used to fit the experimental
curves, to evaluate the affinity of 1 for the quadruplex and duplex
ODN:s. Equilibrium association constants for 1 were also obtained by fit-
ting the steady-state response versus the concentration of 1 according to
the Langmuir model (see Supporting Information for SPR sensorgrams
and fitting using the Langmuir model).

Molecular mechanics and molecular dynamics: The structure of the dinu-
clear complex was obtained by DFT with B3LYP/6-31G (LANL2DZ for
Ru) and constraints were imposed to maintain this geometry for subse-
quent MM/MD simulations. The partial charges were recalculated with
the Qeq method after +2.0 charges were imposed on each Ru atom.”!
The structure of the sequence d(T,AG;), is based on that described by
Wang and Patel,™ consisting of a folded single-stranded DNA 22-mer
with the sequence d[AG;(T,AGs3;);]. The crystal structure, extracted from
the RCSB Protein Data Bank (ID: 143D), corresponds to a tetraplex
structure of three sheets of G quartets (G4, Figure 3B). Two thymines
were added to the sequence to provide the d(T,AG3;), sequence, and two
Na® ions were placed between two G4 sheets, at the centre of the square
formed by the guanine bases. All the calculations were carried out by
using the Discovery Studio package from Accelrys. For the duplex
ODNs, the charges were assigned by the residue template, and the
CHARMmM force field was used (v22, modified in 2006) as it accurately
describes nucleotides with small organic molecules, and has atom param-
eters for Ru atoms.™ The water solvent was implicitly taken into account
by the use of the generalised Born model with a simple smoothing func-
tion.P!! Several geometries and distances between complexes and DNA
were tested (docking approach), and we followed the evolution of the
total energy as a function of the distance.’” Geometry optimisation was
carried out by using the adopted basis Newton-Raphson algorithm with
an RMS distance criterion of 1072 kcalmol ' A. Molecular dynamics
(MD) simulations were performed in the canonical ensemble (N,V,T)
with a time step of 1 fs. After equilibration, MD was performed at 298 K
over 2 ns, with a temperature coupling decay time of 5.0.
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