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DNA threading intercalation of enantiopure [Ru(phen),bidppz]**
induced by hydrophobic catalysis
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The enantiomers of a novel mononuclear ruthenium(ll) complex [Ru(phen).bidppz]* with an elongated dppz moiety were

DOI: 10.1039/x0xx00000x

synthesized. Surprisingly, the complex showed no DNA intercalating capability in an aqueous environment. However, by the

addition of the water-miscible polyethylene glycol ether PEG-400, the self-aggregation of the hydrophobic ruthenium(ll)

complexes was counter-acted, thus strongly promoting the DNA intercalation binding mode. This mild alteration of the

environment surrounding the DNA polymer does not damage or alter the DNA structure but instead enables more efficient

binding characterization studies of potential DNA binding drugs.

Introduction

The molecular mechanisms behind the DNA interactions of
ruthenium(ll) polypyridyl complexes have long since attracted
interest due to their potential use in DNA-targeting
pharmacotherapies.! Particular attention has been given to the
so-called light-switch complexes [Ru(bpy).dppz]?* and
[Ru(phen).dppz]?* (bpy = 2,2’-bipyridine; phen = 1,10-
phenanthroline; dppz = dipyrido[3,2-a:2’,3’-c]phenazine)
which, upon intercalation of the dppz moiety between the base
pairs, display an
mononuclear Ru(ll) dppz complexes readily intercalate to DNA

intense luminescence.? While most
with low sequence specificity, binuclear Ru(ll) complexes show
in general both greater selectivity and binding affinity due to
increased size and charge, respectively.> The semi-rigid
binuclear complex [u-bidppz[phen)sRuz]** (Ru-2, see Scheme 1;
bidppz = 11,11’-bi(dipyrido[3,2-a:2’3-c]phenazinyl has been
shown to bind to DNA by having one of its bulky Ru(ll) centres
passed through the base pair stack, an unusual binding mode
called threading intercalation which requires a transient large
conformational change to occur in the DNA structure.* With calf
thymus DNA, the binding requires several hours to reach
completion, even at high ionic strength and elevated
temperature. As the impact of effective association rates has
gained more and more attention as a way to increase in vivo
target occupancy or to reduce undesired side effects®, it is
desirable to improve the extremely slow association rate of Ru-
2 while retaining its strong binding affinity to DNA. For the
mononuclear complex [Ru(phen),;bidppz]?* (Ru-1, see Scheme
1) we expected an accelerated association rate since it is
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Scheme 1. Structures of [Ru(phen),bidppz]?* (Ru-1) and [p-bidppz(phen),Ru,]**
(Ru-2).

formally obtained from Ru-2 by removing one of the bulky Ru(ll)
centres. While there are a few previous reports published on
the synthesis and characterization of racemic Ru-1, the focus
has mainly been on electrochemical and photophysical
properties rather than DNA binding capability.® In addition, the
chiral nature of these octahedral complexes greatly affects their
interactions with DNA, another chiral molecule. The importance
of these diastereomeric effects have previously been
demonstrated by our group?, motivating us to synthesize Ru-1
into its right-handed (A) and left-handed (A) form for this study.
Surprisingly, in pure buffer, we found no evidence for DNA
intercalation of neither enantiomer of Ru-1: no emission
intensity increase and only very weak linear dichroism could be
observed, even after several days at 50°C.

Water-miscible hydrophobic co-solutes can reduce the base
stacking energy and enable longitudinal breathing of the DNA
polymer in aqueous solution, resulting in the appearance of
transient holes in the base pair stack without affecting the
overall B-DNA conformation. As recently demonstrated by Feng
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et al.? a significantly accelerated threading intercalation of Ru-2
into DNA is observed in the presence of ethylene glycol ethers.
Interestingly, a slow increase of emission intensity is
observed following addition of the polyethylene glycol ether
PEG-400 to an aqueous solution of Ru-1 in the presence of DNA
at 50°C. In the present work we have used flow linear dichroism,
association kinetics (measured as emission intensity) and
emission lifetimes to characterize the mode of DNA interaction
in aqueous PEG-400 of both Ru-1 enantiomers and, for
comparison, the well-established thread-intercalator Ru-2.

Experimental
Materials

All experiments were performed in aqueous buffer solution (pH
= 7.0) containing 50 mM NaCl and 1 mM cacodylate
(dimethylarsinic acid sodium salt). Stock solutions of calf
thymus DNA (ctDNA) (~5 mM nucleotides) were prepared by
dissolving highly polymerized type | sodium salt calf thymus
DNA (Sigma-Aldrich) in 150 mM NaCl buffer solution. The
solution was filtered two times through a 0.7 um polycarbonate
filter and diluted with 50 mM NaCl buffer solution to
appropriate concentration. Stock solutions of the complexes (~1
mM) were prepared by dissolving the chloride salts in 50 mM
NaCl buffer solution. Concentrations were determined
spectrophotometrically using extinction coefficients: €258 nm =
6600 M1 cm per nucleotide for ctDNA, €412 nm = 30900 M1 cm-
1 for [Ru(phen);bidppz]Cl; (Ru-1) and €408 nm = 75 800 M1 cm
for [u-bidppz(phen)sRuz]Cls (Ru-2). Polyethylene glycol (PEG)
400 (polydisperse, average MW = 400, Rectapur, VWR) was
added directly to the samples. Solid NaCl (= 99.5%, Sigma-
Aldrich) was weighed on an analytical balance (Sartorius
MSE225S) and added in the last step of sample preparation to
avoid being diluted by the addition of PEG-400.

Sample preparation

A-[Ru(phen)apq](arsenyl-D(-)-tartrate),, A-[Ru(phen);pq]
(arsenyl-L(+)-tartrate), (pq = 1,10-phenanthroline-5,6-dione)
and [p-bidppz(phen)sRuz]Cls (Ru-2) enantiomers were prepared
as previously reported.?®

The synthetic route for preparation of [Ru(phen),bidppz]Cl,
(Ru-1) is shown in Scheme 2.

General information about the syntheses. 3,3'-
Diaminobenzidine, sodium acetate trihydrate, tetra-n-
butylammonium chloride and ammonium

hexafluorophosphate were purchased from Sigma-Aldrich and
used as received without further purification. 1H NMR spectra
were recorded on a Varian UNITY-VXR 5000 (400 MHz)
spectrometer and chemical shifts are reported with acetone-ds
(6n = 2.05 ppm) as reference.

Synthesis of ligand. 4-Dipyrido[3,2-a:2’,3-c]phenazine-11-yl-
1,2-benzenediammonium chloride (1). 0.22 g (1.0 mmol) of
3,3’-Diaminobenzidine (DAB) was dissolved in a mixture of 10
mL EtOH, 10 mL H,0 and 1 mL HOAc. 0.381 g of NaOAc - 3H,0
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was dissolved in 5 mL H,0. 0.105 g (0.5 mmgel) ,0f 5105
Phenanthroline-5,6-dione (pq) was dissdl#&dGA010/ PREESTEd
EtOH. The solutions of DAB and NaOAc were mixed together,
followed by the slow adding of the pq solution in small aliquots
to the stirred mixture. A red-precipitate formed, which was
collected on a filter and washed with a mixture of 10 mL EtOH,
10 mL H20 and 1 mL HOAc. The red-brown powder (0.196 g
after drying) was dissolved in 20 mL of 0.1 M HCI and the
solution was heated. The heated solution was filtered, the filter
washed with warm 0.1 M HCI, and the combined filtrates then
evaporated under reduced pressure in a water bath for ~30
minutes to give the solid product 1 as red-brown, shiny, flat
crystals (0.169 g, 0.42 mmol, 84% vyield calculated from the
starting material pq).

Synthesis of ruthenium complexes. A- and A-[p-
bidppz(phen),RulCl; (Ru-1). 0.20 g of A-[Ru(phen),pqglarsenyl-
L(+)-tartrate), (phen = 1,10-phenanthroline; pg = 1,10-
phenanthroline-5,6-dione) and 0.096 g of 1 were dissolved in
two separate solutions of 4 mL of 50% HoAc (aq) while heated
in a water bath. While keeping the dissolved A-[Ru(phen),pq]?*
warm, 1 was added in small aliquots resulting in a bright red-
orange solution. After cooling, the product was precipitated
using NH4PHg dissolved in water, collected on a filter and
washed with EtOH followed by diethyl ether. Purification of A-
[Ru(phen).bidppz](PFs), dissolved in CH3CN was done using
column chromatography with EtOH/CHsCN (1 : 4) and neutral
Al;Os3. The eluate containing the pure orange product was
collected and reduced to ~1 mL by evaporating with a stream of
N> under mild heating. About 0.5 g of ([CH3(CH)3]aNCl),
dissolved in 1 mL of acetone, was added in increasing portions
while stirring until the solution was only weakly yellow and the
precipitation complete. The red precipitation was left overnight
and collected on a filter the following day. The product was
washed with acetone followed by diethyl ether to yield A-
[Ru(phen),bidppz]Cl; as a red powder (0.16 g, 0.15 mmol, 67%,
yield calculated from the starting
[Ru(phen).pqgl(arsenyl-L(+)-tartrate);) The procedure was
repeated with A-[Ru(phen),pqgl(arsenyl-D(-)-tartrate), to yield
the opposite enantiomer A-[Ru(phen),bidppz]Cl; (0.13 g, 0.12
mmol, 56%). UV/vis (in water; Amax in nm, £/103 M1 cm
enclosed in parenthesis): 412 (30.9), 304 (53.8) 263 (81.3), 221
(66.9), 204 (63.5). 1H NMR (as PFg salt, 400 MHz, acetone-ds): &
(ppm) =9.32 (d, 1H, J = 8.0 Hz), 9.24 (d, 1H, J = 8.0 Hz), 8.85 (d,
1H, J = 8.0 Hz), 8.80 (t, 1H, J = 8.0 Hz), 8.59-8.52 (m, 4H), 8.41 (s,
1H), 8.28-8.14 (m, 8H), 8.09-7.92 (m, 8H), 7.79 (d, 1H, J = 8.0 Hz),
7.74-7.71 (dd, 1H), 7.66 (m, 1H), 7.57-7.53 (m, 3H), 7.47-7.45
(m, 2H), 7.40-7.35 (dd, 1H). UV/vis absorption and NMR
measurements were in accordance with previous reports and
showed no significant impurities. Extensive characterization of
Ru-1 and structurally similar complexes have already been
published elsewhere.®

material,

Instrumentation

Absorption spectra were recorded on a Varian Cary 4000 UV/vis
spectrophotometer with buffer as baseline using a 1 cm quartz

This journal is © The Royal Society of Chemistry 20xx
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Scheme 2. Synthesis route for Ru-1.

cell. Linear dichroism (LD) was measured on a Chirascan LD
spectropolarimeter on samples oriented in an outer-rotating
Couette flow cell with a 1 mm path length at a rate of 480 rpm.
Spectra were corrected for baseline contributions by
subtraction of the corresponding spectra recorded without
rotation. Circular dichroism (CD) spectra were recorded on a
Chirascan CD spectropolarimeter with buffer as baseline using
a 1 cm quartz cell. In general, 5 CD spectra were averaged for
each sample. Emission spectra were recorded on a Varian Cary
Eclipse Fluorescence spectrophotometer using a 1 cm quartz
cell. The samples were excited at 410 nm and emissions were
recorded at 500-800 nm (10 nm excitation slit, 5 nm emission
slit and 700 V photomultiplier voltage).

Binding kinetics were studied using a Varian Cary Eclipse
Fluorescence spectrophotometer equipped with a multicell
temperature controller using a 1 cm quartz cell at 50°C under
magnetic stirring. The samples were excited at 410 nm, and the
change in emission intensity was studied at 620 nm (0.2-0.4 s
averaging time, 10 nm excitation slit, 5 nm emission slit and 700
V photomultiplier voltage).

Excited state lifetimes were measured using time correlated
single photon counting, a 405 nm diode (PicoQuant) with 250
kHz repetition rate was used as excitation source and an MCP-
PMT (1024 channels, 10 000 counts in the peak channel) was
used as detector. The decays were fitted by deconvolution with
the instrument response function to biexponential decays.

For the qualitative and comparative evaluation of the self-
aggregation of Ru-1 and Ru-2, absorption spectra of the A-
enantiomers of the two complexes were recorded in different
solvents. The solvents used were a MeOH/H,0 (1:1) mixture,
MilliQ-pure water, 50 mM NaCl buffer, 50 mM NaCl buffer with

This journal is © The Royal Society of Chemistry 20xx

added 15% PEG-400 or 40% PEG-400 (w/w). A small volume (10
uL) of complex stock solution (Ru-1: 1 mM; Ru-2: 0.4 mM, in
water) was added to each solvent directly into the 1 cm quartz
cell. All measurements were performed in triplicates to ensure
reproducibility.

Data analysis

Kinetic traces of DNA association were fitted using the curve
fitting tool in the Matlab software package (Mathworks, Inc.).
The reaction yield was calculated by normalizing the observed
fluorescence with respect to the final intensity when no further
reaction was observed. Two exponentials were needed to fit the
kinetic data for all samples.

The kinetic traces for DNA association were fitted using a bi-
exponential model:

Y()=1—a;e ™t — (1 — a;)e k! (1)

where a; is the fraction of the fast rate constant, k; is the fast
rate constant and k; is the slow rate constant.

Results and discussion

The high enantiomeric purity of the newly synthesized and
resolved Ru-1 complex was confirmed by circular dichroism
(CD) (shown in Fig. S2 in ESI). Similar to the corresponding
enantiomers of binuclear complex Ru-2, we observed a strong
signal at ~¥270 nm originating from the phen ligand exciton.

Fig. 1 shows the absorption spectra of A-Ru-1, free as well
as in the presence of calf thymus DNA (ctDNA), in buffer

J. Name., 2013, 00, 1-3 | 3
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Figure 1. Absorption spectra of A-Ru-1 in the presence of ctDNA at [base
pairs]/[complex] ratio 5 in 50 mM NaCl aqueous buffer solution with 20% (w/w) PEG-
400. The color change from light to dark specify spectral change with time (0, 0.5, 1.5,
24 and 48 h; green) after 50°C incubation. The black line shows the complex without
the addition of ctDNA. The gray line shows ctDNA alone. The concentration of ctDNA is
80 uM nucleotides.

containing 20% (w/w) PEG-400 after different incubation times
at 50°C. A significant hypochromic change with time,
accompanied by a small red shift, is observed in the strong
bidppz m->n* intraligand transition (IL) absorption band at 310
nm. The same is observed for the peak at 410 nm, there the
bidppz m—>mt* transition overlaps with a broad band of metal to
ligand charge transfer (MLCT) transitions (centred at 440 nm for
the parent [Ru(phen),dppz]?* complex).?2 The spectral changes
are similar for those observed for the slow threading
intercalative binding of the binuclear analogue Ru-2 in pure
buffer3a3c and are suggestive of an intercalative binding mode
for the bidppz ligand.?210 Similar, albeit not as pronounced,
hypochromic effects were observed for the A-enantiomer
(shown in Fig. S1 in ESI). By contrast, in the absence of PEG-400,
only a slight red-shift and very weak hypochromicity is
observed, even after several days incubation at 50°C.

Linear dichroism (LD) measures the difference in absorption
between polarized light parallel and perpendicular to a
macroscopic orientation axis (e.g. the DNA helix axis in flow-
oriented DNA), making it possible to investigate the binding
geometry of small chromophores bound to DNA.! Fig. 2 shows
the flow LD spectra of A-Ru-1 in the presence of ctDNA and 20%
PEG-400 recorded at ambient temperature after different times
of incubation at 50°C. Before incubation, the LD spectrum
shows essentially only the DNA signal, indicating that the initial
interaction with DNA does not result in a distinct orientation of
the complex. During the progress of several days, strong LD
bands appear in the visible region. The similarities to the LD
spectrum of threaded AA-Ru-2 (Fig. 2, dotted black line,
obtained after incubation of the complex with DNA in buffer
with 20% PEG-400 at 50°C for 24 hours) indicate that the
binding geometry and binding mode of Ru-1 is similar despite
the lack of one bulky Ru centre. As can be observed after 7 days
incubation, the LD band at 270 nm, has changed from being
initially negative to positive. The LD bands in the visible region,

4| J. Name., 2012, 00, 1-3

in contrast, appears unchanged past 2 days. Interestingly, by
subtracting the LD signal after 2 days witHtHel§ighal/AfePG0d4ys
(LD2¢-LD74), the remaining LD spectrum appears identical to a
pure DNA signal (Fig. 2, inset), indicating a slow process
affecting the orientation of the DNA polymer without much
effect on the geometric orientation of the threaded bridging
ligand of A-Ru-1. The LD spectra of A-Ru-1 (Fig. S3, ESI) showed
a similar slow geometrical rearrangement towards an
intercalated binding mode.

The reduced LD (LDr), which is the LD divided by the isotropic
absorbance, is very similar for AA-Ru-2 at both 0% and 20% PEG-
400, indicating little or no change in the geometric orientation
in the presence of PEG-400 (Fig. 3). In contrast, the shape of the
LD" spectra for A-Ru-1 changes dramatically from an almost

0,004 4
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0,000

-0,002.

¥ Wi
J 0.000

-0,004 ~ -0.0005

Linear Dichroism / AA

-0,0010
-0,006 4

0,001

-0,008 4 0,00

225 250 75 300 325 350

250 300 350 400 450 500 550 600 650
Wavelength / nm

Figure 2. Linear dichroism spectra of A-Ru-1 (green) and AA-Ru-2 (dotted black,
incubated 1 d at 50°C) in the presence of ctDNA at [base pairs]/[complex] ratio 5 in 50
mM NaCl aqueous buffer solution with 20% (w/w) PEG-400. The color change from light
to dark specify spectral change for A-Ru-1 with time (0.5h, 1.5h, 1d, 2 d, and 7 d) after
50°C incubation. The concentration of ctDNA is 150 uM nucleotides. Inset shows the
subtracted spectra of LD,4-LD4 for A-Ru-1.

0,02 4

0,00

LD"

-0,02 4

-0,04
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) L) T T T T
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Figure 3. Reduced linear dichroism spectra of A-Ru-1 and AA-Ru-2 after incubation at
50°C in the presence of ctDNA at [base pairs]/[complex] ratio 5 in 50 mM NaCl aqueous
buffer solution with either 0% or 20% (w/w) PEG-400 (black dotted: A, 0%; green: A,
20%; gray: AA, 0%; black solid: AA, 20%. The concentration of ctDNA is 150 uM
nucleotides, and the time of incubation was 2 days for A-Ru-1 and 1 day for AA-Ru-2.
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pure DNA-signal without any complex contribution to a signal
identical, albeit weaker, to the threaded AA-Ru-2.

As previously reported for the parent [Ru(phen).dppz]?*
complex 2292 and Ru-239, Ru-1is quenched when free in aqueous
solution but becomes brightly luminescent upon binding to DNA
by intercalation, thus enabling observation of the intercalation
process by monitoring the luminescence intensity change at 620
nm. Fig. 4 shows the kinetic traces obtained at 50°C for A- and
A-Ru-1 at different concentrations of PEG-400. In absence of
PEG-400, only a slight immediate increase in luminescence is
observed upon addition of ctDNA, but without any further
increase in intensity even after several days. In a DNA solution
containing PEG-400 a slow luminescence increase, indicative of
intercalation of the bidppz moiety, is observed, and with
increased PEG-400 concentration both the initial rate and the
amplitude of this process increases. Since the plateau
luminescence intensities for the two enantiomers of Ru-2 are
unaffected by the presence of PEG-400, we assume that also for
Ru-1 the quantum vyield of intercalated complex is not affected
significantly by the solvent composition. This suggest that the
variation in luminescence intensity at the end of the initial
phase of intercalation for Ru-1 is due to a difference in
concentration of intercalated Ru-1 complexes, and that an
increase in PEG-400 concentration not only speeds up the rate
of threading but also shifts the equilibrium from an external
non-luminescent binding mode to a binding mode that is
intercalated and luminescent. At concentrations of PEG-400 of
20% and above, the logarithmic timescale reveals an extremely
slow second phase of significant luminescence increase, that
has not plateaued even after more than a week of incubation at
50°C.

Table 1 summarizes the association rate constants
determined by fitting a biexponential model to the data (see ESI
for fitting curves). The kinetic traces of AA- and AA-Ru-2 in
different PEG concentrations are presented in Fig. S4 in ESI. The
first rate constant is assigned to the primary threading
intercalation process.?2 Consistent for both Ru-1 and Ru-2
throughout the kinetic series is that the k; is larger for the A-
enantiomers, indicating a faster threading for A- compared to
A-enantiomers.3d The luminescence quantum vyield for
intercalated [Ru(phen),dppz]?* complexes is strongly increased
by the presence of complexes intercalated into neighbouring
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Figure 4. Association kinetics of A- (top) and A-Ru-1 (bottom) in the presence of ctDNA,
measured at different concentrations of PEG-400. PEG-400 concentrations from left to
right are 40, 20, 15, 10 and 0% (w/w). Measurements performed at 50°C in 50 mM NaCl.
The concentrations of complex and ctDNA were 15 pM and 150 uM nucleotides,
respectively.

basepair pockets’, and the second rate constant for Ru-2 has
been assigned to a slow redistribution of the threaded
complexes on the DNA lattice that increases the number of
close neighbours.13 A similar mechanism may be part of the
explanation for the second, very slow phase of Ru-1.

Table 1. Association rate constants and pre-exponential factors for threading intercalation into ctDNA.?

AA AN A A
k1*103/min-t k2*103/min-t k1*103/min-t k2*103/min-t k1*103/min-t k2*103/min-t ki*103/mint  kz*103/mint
PEG-400 (1) (a2) (a1) (a2) (a1) (a2) (at1) (a2)
(%)
0 9.04 (0.70) 1.75 (0.30) 17.4 (0.61) 2.79 (0.39) - - - -
42.8 (0.73) 5.28 (0.27) 134 (0.76) 3.36 (0.24) - - - -
10 53.2 (0.75) 6.61(0.25) 136 (0.80) 2.97 (0.20) - - - -
15 72.5(0.77) 9.31(0.23) 147 (0.86) 2.92(0.14) - - - -
20 104 (0.81) 9.05 (0.19) 217 (0.87) 3.20(0.13) 13.8 (0.29) 0.23(0.71) 18.2 (0.59) 0.43(0.41)
40 326 (0.91) 9.36 (0.09) 493 (0.87) 3.61(0.13) 45.4 (0.49) 0.57 (0.51) 83.6(0.73) 0.48 (0.27)

9Determined from luminescence kinetic traces obtained with 15 pM complex and 150 uM nucleotides in 50 mM NaCl after 50°C incubation.

This journal is © The Royal Society of Chemistry 20xx
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Table 2. Luminescence decay parameters for Ru-1 and Ru-2 enantiomers in the
presence of ctDNA and 20% (w/w) PEG-400.

Sample? T(ns) a1 (ns) az Tavg® (NS)
A-Ru-1 75 0.53 475 0.47 263
A-Ru-1 47 0.42 177 0.58 122
AA-Ru-2 84 0.54 303 0.46 185
AA-Ru-2 59 0.81 231 0.18 92

9150 UM nucleotides and 15 yM complex in 50 mM NaCl after 50°C incubation.
bThe average emission lifetime calculated as Tag = 04Ty + 0T,

Emission lifetime measurements were performed for both
Ru-1 and Ru-2 in the presence of 20% PEG-400 and ctDNA, and
the results are presented in Table 2. Two lifetimes were
sufficient to fit the data for all samples (see ESI for fitting
curves). As previously reported for Ru-239, the A-enantiomer of
binuclear Ru-1 displays much longer lifetimes compared to the
A-enantiomer. In addition, Ru-2 is seemingly unaffected by the
presence of PEG-400.

In a simple aqueous saline buffer solution the increased
hydrophobicity of the bidppz ligand of Ru-1 results in a higher
prevalence of self-aggregation; a common occurrence with
many Ru(ll) polypyridyl complexes where two or more moieties
spontaneously associates under equilibrium conditions.14
Furthermore, the higher tendency for more hydrophobic Ru(ll)
complexes to self-aggregate has previously been demonstrated
by our group by methyl substitution on the intercalative
ligand.’> With the addition of PEG-400 in the solvent, the PEG
molecules, being hydrophobic, associate to the hydrophobic
“tail” of Ru-1, preventing the assembling of aggregates.

PEG =) Ru-1

b
L\

LTI
|
LTI

/
N\

Figure 5. Binding model for Ru-1 in the absence (top) and presence (bottom) of

—
—
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polyethylene glycol (PEG).
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Figure 6. Absorption spectra of A-Ru-1 (~10 uM) in different solvents: MeOH/H20
(1:1) (gray), 40% (w/w) PEG-400 + 50 mM NaCl buffer (red), MilliQ-pure water
(black), 15% (w/w) PEG-400 + 50 mM NaCl buffer (green), 50 mM NaCl buffer (blue).
All measurements were performed in room-temperature.

Our proposed binding model for Ru-1 in the absence and
presence of PEG-400 is presented in Fig. 5. To evaluate our
hypothesis a series of absorption spectra were collected with
stock solutions of A-Ru-1 and AA-Ru-2 in different solvents
(MeOH/H,0 (1:1), H,0, 50 mM NacCl buffer, 15% PEG-400 and
40% PEG-400). In the MeOH/H20 solvent, both complexes show
very prominent absorption peaks at approximately 263 nm
(mainly phenanthroline m—>m* transitions), and at 311 nm
(mainly biddpz n->nt*) and 410 nm (bidppz n—>1t*, overlapping
with the broad MLCT band). However, as shown in Fig. 6, by
changing the solvent to pure water the intensity significantly
drops for Ru-1, and the effects in the bidppz bands are even
more prominent in a 50 mM NaCl buffer, indicating Ru-1 to form
aggregates in saline solution mainly through hydrophobic
interactions of the bidppz ligands. By adding 40% PEG-400 in the
saline buffer the absorption intensity is regained to a level close
to pure water as solvent. Interestingly, the 15% PEG-400 and
saline mixture appears to have very little effect on the observed
hypochromicity of Ru-1, reflecting the weak emission increase
in Fig. 4. As previously suggested, it appears that PEG-400
concentrations <20% are not sufficient to shift the equilibrium

between aggregates and intercalated ligands. In contrast,
the binuclear complex Ru-2 shows significantly less
hypochromicity in a saline solution (Fig S15 in ESI). Table S2 in
ESI summarizes the maximum absorption peaks and
hypochromicity of Ru-1 and Ru-2.

Conclusions

In summary, by the addition of polyethylene glycol we have
enabled threading intercalation of a novel ruthenium(ll)
complex, otherwise too hydrophobic to properly interact with
the DNA polymer. The inclusion of the well-established Ru-2
demonstrates that the presence of PEG-400 does not disrupt
the final binding mode of the complex, but only accelerates the

This journal is © The Royal Society of Chemistry 20xx
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initial intercalative binding process, thus enabling more efficient
screening processes when characterizing new potential DNA
binding drugs. For future investigation, in vivo bacterial studies
of threading ruthenium complexes would be of great interest.
In particular, the exploration of the bacterial cytosol to find
whether its complex content could facilitate DNA interaction in
means similar as observed here.
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