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Abstract 

Confocal microscopy was used to study the intracellular localisation of a series of inert 

polypyridylruthenium(II) complexes with three eukaryotic cells lines - baby hamster kidney 

(BHK), human embryonic kidney (HEK-293) and liver carcinoma (Hep-G2).  Co-staining 

experiments with the DNA-selective dye DAPI demonstrated that the di-, tri- and tetra-nuclear 

polypyridylruthenium(II) complexes that are linked by the bis[4(4'-methyl-2,2'-bipyridyl)]-1,12-

dodecane bridging ligand (“bb12”) showed a high degree of selectivity for the nucleus of the 

eukaryotic cells.  Additional co-localisation experiments with the general nucleic acid stain 

SYTO 9 indicated that the ruthenium complexes showed a considerable preference for the RNA-

rich nucleolus, rather than chromosomal DNA.  No significant differences were observed in the 

intracellular localisation between the ∆∆ and ΛΛ enantiomers of the dinuclear complex.  

Cytotoxicity assays carried out over 72 hours indicated that the ruthenium complexes, 

particularly the tri- and tetra-nuclear species, were significantly toxic to the eukaryotic cells.  

However, when the activity of the least cytotoxic compound (the ∆∆ enantiomer of the dinuclear 

species) was determined over a 24 hour period, the results indicated that the ruthenium complex 

was approximately a 100-fold less toxic to liver and kidney cells than to Gram positive bacteria.  

Circular dichroism (CD) spectroscopy was used to examine the effect of the ∆∆ and ΛΛ 

enantiomers of the dinuclear complex on the solution conformations of RNA and DNA.  The CD 

experiments indicated that the RNA maintained the A-type conformation, and the DNA the B-

type structure, upon binding by the ruthenium complexes. 
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Introduction  

There has been significant interest over the last forty years in the non-covalent interactions of 

inert transition metal complexes with DNA and RNA.1-3  In particular, the nucleic acid binding 

properties of ruthenium(II) complexes containing polypyridyl ligands have been extensively 

studied.4-8  These metal complexes have a rigid octahedral framework and can interact with 

nucleic acids through a variety of different modes, with the particular mode of binding being 

predictably governed by the metal complex structure.  Furthermore, the structure of a 

ruthenium(II) complex can be readily modified − e.g. shape, charge, or the addition of specific 

recognition elements −  to “tune” nucleic acid binding.  Additionally, and if applicable, the 

chirality of the ruthenium complex can also be used to gain even greater control over the 

specificity or selectivity of the binding.   

 More recently, due to the nucleic binding properties of inert polypyridylruthenium(II) 

complexes, there has been increasing interest in their biological properties.9-16  A variety of 

mononuclear and dinuclear complexes have shown good in vitro anticancer activity, which is 

generally considered to be due to DNA binding.  However, in some cases other mechanisms of 

action have been proposed − e.g. interactions with membranes or mitochondrial-mediated 

apoptosis.15  In addition to the established anticancer properties of inert polypyridylruthenium(II) 

complexes, there is now growing recognition of their potential as antimicrobial agents.  

Antimicrobial resistance is an increasingly serious threat to global public health: infections 

caused by antibiotic-resistant bacteria are associated with increased morbidity and mortality.17 

The lack of new antimicrobials in the pipeline to replace those in current use which are 

becoming ineffective has fostered research into the development of new types of drugs.  

Dwyer and co-workers initially demonstrated the antimicrobial activity of mononuclear 

polypyridylruthenium(II) complexes against both Gram negative and Gram positive bacteria.18,19  

We have subsequently shown that dinuclear analogues have even greater antimicrobial potential: 
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[{Ru(phen)2}2{µ-bbn}]4+ {“Rubbn”; where phen = 1,10-phenanthroline; bbn = bis[4(4'-methyl-

2,2'-bipyridyl)]-1,n-alkane for n = 5, 7, 10, 12 and 16 – see Figure 1} showed excellent activity, 

and they maintained the activity against drug-resistant strains such as methicillin-resistant 

Staphylococcus aureus (MRSA).20  Furthermore, preliminary toxicity assays against human red 

blood cells and a human white blood leukemia cell line (THP-1) demonstrated that the Rubbn 

complexes were not toxic to human cells at the concentrations required to kill the bacteria.20   

 

Figure 1. The structure of the dinuclear Rubbn complexes, for n = 5, 7, 10, 12 and 16.  

 

While the affinity of polypyridylruthenium(II) complexes for nucleic acids can be readily 

demonstrated in vitro, it is more important to establish nucleic acid binding in live cells at 

concentrations similar to those required for anticancer or antimicrobial activities.  Although there 

have been relatively few cellular localisation studies of polypyridylruthenium(II) complexes, the 

results reported to date have demonstrated a surprisingly diverse range of binding sites in 

eukaryotic cells.  For example, Svensson et al. showed that the cellular localisation of a series of 

ruthenium dipyridophenazine (dppz) complexes in Chinese hamster ovarian cells was dependent 

upon the relative lipophilicity.21  The least lipophilic complex was predominantly found in the 

nucleus and the most lipophilic accumulated outside of the nucleus and probably in the 

endoplasmic reticulum.  Furthermore, Gill et al. demonstrated that the DNA groove-binding 

dinuclear complex [{Ru(phen)2}2{µ-tpphz}]4+ (where tpphz = tetrapyridophenazine) could be 

used to image nuclear DNA in eukaryotic cells.11  Alternatively, the 4,7-diphenyl-1,10-

phenanthroline analogue [{Ru(DIP)2}2{µ-tpphz}]4+ localised in the endoplasmic reticulum.22  By 
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contrast, the Rubbn complexes were shown to localise in the mitochondria of L1210 white blood 

cells.12  Mitochondrial targeting has also been observed for other ruthenium complexes.15 

As preliminary pharmacokinetic studies indicated that the Rubbn complexes accumulate 

in the liver and kidney of mice,23 we sought to confirm that the ruthenium complexes localised in 

the mitochondria of liver and kidney cells as we had previously demonstrated with the L1210 

cells.12
  In the present study, we examined the localisation of Rubb12 and its tri- and tetra-nuclear 

analogues in liver and kidney cells by confocal microscopy.  In order to examine the effect of the 

ruthenium complexes on large DNA and RNA molecules, we also studied the binding of the 

ruthenium complexes to calf thymus DNA and baker’s yeast RNA by CD spectroscopy. 

Interestingly, Rubb12 was found to selectively accumulate in the nucleolus, the RNA-rich 

component of the nucleus, rather than in the mitochondria.  

 

Experimental  

Synthesis of ruthenium(II) complexes 

The ruthenium complexes used in this study were synthesised and characterised as previously 

described.24,25  

 

Cell culture 

The BHK (baby hamster kidney) cell line and two human cell lines − HEK-293 (embryonic 

kidney) and Hep-G2 (liver carcinoma) − were used in this study.  All cell lines were generously 

supplied by Australian Army Malaria Institute (AMI, Enoggera, QLD, Australia), and originated 

from the American Type Culture Collection (ATCC, Manassas, VA).  All cell lines were 

cultured in 75 mL culture flasks in RPMI-1640 (Roswell Park Memorial Institute 1640; Sigma-

Aldrich) culture media supplemented with 10% fetal bovine serum (Sigma-Aldrich), 4 mM L-

glutamine (Sigma-Aldrich) and 1.5 g/L sodium bicarbonate (Sigma-Aldrich) at 37 ºC in an 
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atmosphere of 5% humidified CO2。 Cells used in the study were in the logarithmic growth phase.  

Cells were grown to 70% confluence, and then trypsinised with 0.25% trypsin-0.02% EDTA 

(Sigma-Aldrich).  

 

Cytotoxicity 

The cytotoxicities of the ruthenium complexes were determined using the Alamar Blue 

cytotoxicity assay as previously described.26  All data were from at least three independent 

experiments and the IC50 determined using GraphPad Prism 6.0 (GraphPad Software, San Diego, 

USA).  

 

Incubation of cells with ruthenium(II) complexes and organelle stains 

The trypsinised cells were seeded on the coverslips in petri dishes.  The ruthenium complexes 

were applied to the cells in RPMI-1640 media to make the desired concentration (arranged from 

5 to 50 µM) and incubated at 37 ºC with 5% CO2 for 4 h or overnight as described.  During the 

final 30 min of incubation, 100 nM Mitotracker® Green FM (Invitrogen) was added for 

mitochondrial staining, 100 nM DAPI (4', 6-diamidino-2-phenylindole; Invitrogen) for nuclear 

staining and 50 nM SYTO 9 for nucleolus staining, and the cells incubated for a further 5 min.  

The coverslips were rinsed gently with phosphate buffer solution and mounted on bridged slides 

for imaging.  

 

Cellular localisation studies  

The cellular localisation of the ruthenium(II) complexes was determined using a Zeiss laser 

scanning confocal microscope (LSM 700).  Samples were viewed under a 40× or 63× oil 

immersion lens.  Metal complexes (λex = 450 nm, λem = 610 nm) and Mitotracker Green FM (λex 

= 490 nm, λem = 516 nm) were excited using blue argon laser (λex = 488 nm), and emissions were 
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collected at 570-650 nm and 470-550 nm, respectively.  For DAPI excitation, diode laser (λex = 

405 nm) was used and the emission detected at 430-500 nm.  SYTO9 was excited with λex = 488 

nm, and the emission collected at 495-510 nm.  Image data acquisition and processing were 

performed using Zen software 2009 (Carl Zeiss).   

 

CD spectroscopy 

Solutions of CT-DNA (Sigma Aldrich) in phosphate buffer (650 µL, 1 mM Na2EDTA, 10 mM 

Na2HPO4, 20 mM NaCl, pH 7.0) gave a ratio of UV absorbances at 260 and 280 nm, A260/A280, 

of 1.80–1.90, indicating that the DNA was sufficiently free from protein.27  The concentration of 

CT-DNA stock solution was determined from UV absorption at 260 nm.  The circular dichroism 

spectral titration experiments were performed by keeping the CT-DNA concentration constant 

(2.7 mM bases) while varying the concentration of metal complexes from 0 to 39 µM.  The CD 

spectra were measured in 1 mm path length quartz cuvettes on a JASCO J-815 circular dichroism 

spectrometer.  Two scans were accumulated at a scan speed of 100 nm/min.  All CD spectra 

were recorded at every 0.5 nm from 200 to 350 nm.  Sample temperature was maintained at 35 

ºC using a JASCO MCB-100 mini-circulation bath.  Spectra were corrected for buffer signal.  

The baker’s yeast RNA (Sigma Aldrich) stock solution was also prepared in phosphate 

buffer in DEPC (Sigma Aldrich) treated water.  The A260/A280 value was 2.10, indicating the 

RNA was pure.28  The initial RNA concentration was 2.3 mM (bases). The titration of ruthenium 

complexes and the data collection were the same as indicated for the DNA experiments.  
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Results 

Based upon our previous studies on the antimicrobial activities and the corresponding toxicities 

to eukaryotic cell lines,20
 Rubb12 appears to have the best therapeutic window (antimicrobial 

activity compared to toxicity) of the dinuclear complexes.  Furthermore, the tetranuclear 

analogue Rubb12-tetra (see Figure 2) has the best antimicrobial activity of all the oligonuclear 

ruthenium complexes we examined.25
  Consequently, this study focused on the Rubb12, Rubb12-

tri and Rubb12-tetra complexes, and in order to examine the effect of the chirality of the 

complexes, we examined the toxicity, cellular localisation and DNA/RNA binding of the ∆∆ and 

ΛΛ enantiomers of Rubb12. 

 

 

Figure 2. Structures of the trinuclear (Rubb12-tri) and tetranuclear (Rubb12-tetra) 

ruthenium(II) complexes. 

 

In vitro toxicity against kidney and liver cells 

In order to determine the biologically relevant concentrations of the ruthenium complexes, and to 

ascertain the toxicity of the tri- and tetra-nuclear species against eukaryotic cells for the first time, 
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the IC50 values of Rubb12, Rubb12-tri and Rubb12-tetra were determined against three cell lines 

(BHK, HEK-293 and Hep-G2).  The results are summarised in Table 1.  All ruthenium 

complexes were toxic against the three cell lines, particularly the cancer cell line Hep-G2.  The 

dinuclear complexes ∆∆/ΛΛ-Rubb12 were less toxic than Rubb12-tri, which was slightly less 

toxic than Rubb12-tetra.  For Rubb12, there were only small differences in the IC50 values for the 

∆∆ and ΛΛ enantiomers. 

 

Table 1.  72 hour-IC50 values (µM) against the BHK, HEK-293 and Hep-G2 cell lines, and 

the minimum inhibitory concentration (MIC; µM) against S. aureus and E. coli 

for the ruthenium complexes.   

 BHK HEK-293 Hep-G2 S. aureus
#
 E. coli

#
 

∆∆-Rubb12 54.3 ± 3.2 15.1 ± 2.8 5.2 ± 2.0 0.6 2.5 

ΛΛ-Rubb12 47.8 ± 2.7 14.3 ± 3.4 9.8 ± 0.3 1.2 2.5 

Rubb12-tri 21.1 ± 1.7 8.8 ± 0.7 7.4 ± 3.8 0.4 1.6 

Rubb12-tetra 13.1 ± 1.9 6.4 ± 1.4 5.2 ± 1.3 0.3 1.2 

#   Taken from reference 25 
 

 

Table 2 shows the comparison of the IC50 values of the ruthenium complexes against the 

eukaryotic cells to the corresponding MIC values against the Gram positive bacterium S. aureus 

and the Gram negative species E. coli.  Compared to the healthy eukaryotic BHK and HEK-293 

cell lines, the ruthenium complexes exhibited a selectivity index (SI = IC50/MIC) of between 12 

and 91 when compared to the Gram positive bacterium S. aureus, but only between 5 and 22 for 

the Gram negative E. coli.  Interestingly, all ruthenium complexes were more toxic to the cancer 

cell line Hep-G2, and consequently they exhibited a lower SI value.  Of the ruthenium 

complexes, ∆∆-Rubb12 exhibited the best SI when compared to the healthy eukaryotic cell lines. 

 

  

Page 9 of 25 Dalton Transactions



 10

Table 2. Comparison of the toxicity of the ruthenium complexes to the BHK, HEK-293 

and Hep-G2 cell lines to the antimicrobial activity against S. aureus and E. coli, 

the selectivity index (SI).  SI is defined as the ratio of the IC50 to the MIC.  

 BHK HEK-293 Hep-G2 

   S. aureus       E. coli   S. aureus       E. coli   S. aureus       E. coli 

∆∆-Rubb12        91                 22        25                 6         9                  2 

ΛΛ-Rubb12        40                 19        12                 6         8                  4 

Rubb12-tri        53                 13        22                 6        19                 5 

Rubb12-tetra        44                 11        21                 5        17                 4 

 

 

Time-course cytotoxicity assays  

As the MIC values for the antimicrobial activities were determined over 16-18 hours and the 

incubation times for the confocal microscopy were also much shorter than the standard 72 hour 

incubation used for the cytotoxicity assays, the IC50 of the complex exhibiting the best SI (∆∆-

Rubb12) was determined as a function of time.  The results are summarised in Table 3.  As would 

be expected, the IC50 values significantly increased with decreasing incubation time.  The SI 

values for the ∆∆-Rubb12 complex based upon the 16-18 hour incubation against the bacteria and 

the 24 hour IC50 values for the eukaryotic cell lines are 85 to 117 for S. aureus and 20 to 28 for E. 

coli.  

 

Table 3.  IC50 values (µM) of ∆∆-Rubb12 as a function of time against the BHK, HEK-293 

and Hep-G2 cell lines. 

 
4 hour 8 hour 24 hour 48 hour 72 hour 

BHK 190.9 ± 36.5 103.8 ± 8.5 70.5 ± 26.4 57.5 ± 7.1 54.3 ± 3.2 

HEK-293 90.8± 17.9 90.48 ± 34.3 50.9 ± 19.9 24.9 ± 1.1 15.1 ± 2.8 

Hep-G2 103.2 ± 3.8 109.7 ± 29.3 61.7 ± 5.5 15.8 ± 10.4 5.2 ± 2.0 
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Cellular localisation study  

Figure 3 shows the comparison of the localisation of ∆∆-Rubb12 in BHK cells with the selective 

mitochondrial stain Mitotracker Green (20 hour incubation).  It is clearly observed that ∆∆-

Rubb12 does not localise in the mitochondria, but appears to preferentially accumulate in the cell 

nucleus, as shown by the results at 5 µM.  Similar results were obtained with the other cell lines 

and the other ruthenium complexes (data not shown). 

 

 

Figure 3. Left to right − Co-localisation of Mitotracker Green (green) and ∆∆-Rubb12
 (red) 

in BHK cells at different concentrations: top panel, 10 µM and bottom panel, 5 

µM.  The overlays are shown on the right.  Scale bar =10 µm.   

 

The localisation in the nucleus was confirmed through co-staining with DAPI.  DAPI is 

considered to be a DNA-selective stain, as it binds DNA 100-fold more strongly than RNA and 

has a 3-fold higher fluorescence quantum yield when bound to DNA than to RNA.29  In Figure 4 

we show the results of the DAPI co-staining experiments with ∆∆-Rubb12 and BHK cells.  The 
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∆∆-Rubb12 concentration was 50 µM (approx. IC50) and the incubation time was 20 hours.  

These results confirm the preferential accumulation of the ruthenium complexes in the nucleus, 

however the localisation pattern was not identical.  While significant DNA binding of the 

complex was observed at this concentration (as evidenced by the overlap with DAPI staining), 

there is also intense ∆∆-Rubb12 red fluorescence in areas of the nucleus where there is little or no 

DAPI fluorescence.  These so called “DAPI holes” are generally recognised as nucleoli.30  The 

nucleolus is the site within the nucleus where ribosomal-RNA (r-RNA) is synthesised, and 

consequently is rich in r-RNA.  The nucleoli can be highlighted through staining with SYTO 9.  

This general nucleic acid stain binds both DNA and RNA but binds RNA with greater affinity.  

The results of SYTO-9 co-staining experiments (also shown in Figure 4) confirmed that ∆∆-

Rubb12 does accumulate in the nucleoli. 

 As is observed in Figure 4, there is considerable DNA co-staining at 50 µM; however, at 

10 µM there appears to be predominant RNA binding, and almost exclusive RNA binding at 5 

µM (see Figure 3). 
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Figure 4.  Rubb12 localisation in BHK cells at 50 µM (20 hour incubation), stained with 

DAPI (blue; top left), SYTO 9 (cyan; top right), ∆∆-Rubb12 (red; bottom left) and 

merged (bottom right), where the white colouration arises from co-localisation of 

SYTO 9 and ∆∆-Rubb12, and magenta colouration from co-localisation of DAPI 

and ∆∆-Rubb12. Scale bar =10 µm.  

 

Similar results were obtained with the other eukaryotic cells.  For example, Figure 5 shows the 

preferential accumulation of ∆∆-Rubb12 in the nucleoli of Hep-G2 cells. 
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Figure 5.  ∆∆-Rubb12 localisation in Hep-G2 cells at 5 µM (20 hour incubation), stained 

with DAPI (blue; top left), SYTO 9 (cyan; top right), ∆∆-Rubb12 (red; bottom left) 

and merged (bottom right), where the light colouration arises from co-localisation 

of SYTO 9 and ∆∆-Rubb12. Scale bar =10 µm.  

 

No significant difference in the localisation of the ∆∆-Rubb12 and ΛΛ-Rubb12 enantiomers was 

observed.  Similarly, for the Rubb12-tri and Rubb12-tetra complexes the same pattern of 

localisation was observed; however, the total accumulation appeared to be greater with more 

DNA binding observed for the Rubb12-tri and Rubb12-tetra complexes.  Furthermore, increased 

accumulation was also observed outside of the nucleus (Figure 6).  
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Figure 6.  Left to right − Rubb12-tetra localisation in BHK cells at 10 µM, stained by 
Mitotracker (green), Rubb12-tetra (red), DAPI (blue) and merged image. Scale bar 
=10 µm.  

 

 To examine the effect of time on the localisation of ∆∆-Rubb12, BHK cells were 

incubated with ∆∆-Rubb12 at 55 µM for both 4 and 20 hours. The resultant images are shown in 

Figure 7.  After a 4 hour incubation, ∆∆-Rubb12 was localised to a greater extent in the 

cytoplasm compared to nucleolus.  Subsequently, after the longer incubation time, the ∆∆-

Rubb12 was predominantly observed in the nuclear region, particularly in the nucleolus and 

nuclear envelope.  These observations suggest that the ruthenium complexes will accumulate in 

the endoplasmic reticulum after passing through the cell membrane, but finally accumulate in the 

nucleolus.  Similar results were obtained with ΛΛ-Rubb12 (data not shown). 
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Figure 7.  Confocal microscopy images of BHK cells co-localised with Mitotracker Green 

(green; left) and 55 µM ∆∆-Rubb12 (red; right) at different incubation times, 4 

hours (top) and 20 hours (bottom).  Scale bar =10 µm. 

 

CT-DNA binding  

While the confocal microscopy experiments demonstrated that the Rubbn complexes bound RNA 

and DNA in live cells, the effect of the ruthenium complexes on the solution conformation of the 

nucleic acids is unknown.  In order to examine the effect of micro-molar concentrations of the 

ruthenium complexes on the solution conformation of large segments of DNA and RNA, an in 

vitro binding study with ∆∆- and ΛΛ-Rubb12 was conducted by circular dichroism spectroscopy 

(CD).  In a CD spectrum, B-form CT-DNA is characterised by a positive band at 260-280 nm 

due to base stacking and a negative band around 245 nm due to the helicity of the structure.31  

However, the enantiomers of Rubb12 also have strong CD signals in the 200-300 nm range.  

Consequently, DNA binding was determined by comparing the observed signal upon titration of 

∆∆- or ΛΛ-Rubb12 into the CT-DNA sample with the arithmetic sum of the individual CD 

spectra of the metal complex and DNA. 
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 Addition of both ∆∆- and ΛΛ-Rubb12 induced significant decreases in the CD signal for 

the CT-DNA with added ruthenium complex in the 260-300 nm range at concentrations below 

the IC50 values (Figure 8).  However, and most clearly seen for the titration with ΛΛ-Rubb12, the 

basic B-type conformation is maintained (negative peak at 245 nm and positive peak at 260-280 

nm).  The decrease in intensity of the CD signal between 260 and 300 nm is consistent with the 

changes noted for the addition of high concentrations (5 M) of NaCl to CT-DNA32  − a decrease 

in the CD signal between 260 and 300 nm caused by high salt concentration is generally 

interpreted as the DNA structure becoming more tightly wound, but remaining in the B 

conformation. 

 

 

Figure 8. CD spectra of CT-DNA (2.7 mM; bases) and upon the addition of ∆∆-Rubb12 

(left) or ΛΛ-Rubb12 (right) at a concentration of 39 µM.  The black line is the 

spectrum for CT-DNA, the dashed line is the spectrum for the ∆∆/ΛΛ-Rubb12, the 

blue line is the arithmetic sum of the individual CD spectra of the ruthenium 

complex and CT-DNA, and the red line is the observed CD spectrum upon 

addition of the ∆∆/ΛΛ-Rubb12 to the CT-DNA. 
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RNA binding 

The binding of ∆∆- and ΛΛ-Rubb12 to RNA was examined by CD spectroscopy in an analogous 

manner to the study described for DNA.  The CD spectrum of free RNA at 35 ºC has two 

positive bands at 225 and 270 nm and two negative bands at 210 and 230 nm, which is consistent 

with the double-stranded A-conformation.33,34   The large reduction in the CD signal at 260-280 

nm upon addition of either ∆∆- or ΛΛ-Rubb12 indicates that both enantiomers interact strongly 

with RNA at concentrations below the IC50 values (see Figure 9).  This band is sensitive to base-

stacking;35 consequently, the decrease in its intensity can be interpreted as a modification of 

base-stacking that potentially partially destabilises the A-type conformation.  Consistent with 

this interpretation is the decrease in the base-stacking band observed for RNA oligonucleotides 

upon lowering the ionic strength of the solution from 1 M to 0.01 M NaCl.36  Importantly, the 

CD results indicate that the ruthenium complex-bound RNA maintains the A-type structure. 

 

 

Figure 9. CD spectra of RNA and upon the addition of ∆∆-Rubb12 (left) or ΛΛ-Rubb12 (right) 

at a concentration of 39 µM.  The black line is the spectrum for RNA, the dashed line 

is the spectrum for the ∆∆/ΛΛ-Rubb12, the blue line is the arithmetic sum of the 

individual CD spectra of the ruthenium complex and RNA, and the red line is the 

observed CD spectrum upon addition of the ∆∆/ΛΛ-Rubb12 to the RNA. 
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Discussion 

The results of this study indicate that the oligonuclear inert ruthenium complexes linked by the 

bbn ligand are toxic to kidney and liver cells.  However, even when comparing the 72 hour 

cytotoxicity data with the 16-18 hour antimicrobial MIC values, it is clear that the ruthenium 

complexes are more toxic to bacteria than the eukaryotic cells examined in this study.  For the 

BHK and HEK-293 cell lines, the dinuclear complex was less toxic than the tri- and tetra-nuclear 

species, and showed the largest relative (and absolute) difference between cytotoxicity and 

antimicrobial activity.  Toxicity is related to the cellular uptake.  The lower toxicity of the 

dinuclear complex is possibly due to its lower lipophilicity, with the log P values for Rubb12, 

Rubb12-tri and Rubb12-tetra being -2.9, -1.0 and -1.6 respectively.25  Interestingly, even though 

the trinuclear species is more lipophilic than the tetraanuclear complex, it was generally less 

toxic to the eukaryotic cells.   This demonstrates the importance of the cationic charge of the 

ruthenium complex in the mechanism of the observed toxicity towards eukaryotic cells. 

 Confocal microscopy was used to determine the cellular localisation of the ruthenium 

complexes in the three cell lines.  By comparison with DAPI and SYTO 9 staining, it was 

concluded that Rubb12, Rubb12-tri and Rubb12-tetra preferentially accumulated in the nucleolus at 

low complex concentrations, while significant DNA binding is also observed at higher 

concentrations.    The preference for RNA is consistent with our previous study on the 

localisation of ∆∆-Rubb16 in the ribosomes of E. coli.37  The overall preference of these 

complexes to the nucleus is surprising given the mitochondrial selectivity we observed for the 

Rubbn complexes in L1210 cells.12   Also of note is the difference between the rigidly linked 

tetrapyridophenazine (tpphz) dinuclear ruthenium complexes studied by Thomas and co-

workers11,22
 and the flexibly-linked bbn complexes examined in this study.  The less lipophilic 

[{Ru(phen)2}2{µ-tpphz}]4+ (log P = -0.96) targeted the nucleus, but not the nucleolus, and 

showed little toxicity towards MCF-7 cancer cells IC50 = 138 µM).11   On the other hand, the 
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more lipophilic analogue containing the 4,7-diphenyl-1,10-phenanthroline ligand 

[{Ru(DIP)2}2{µ-tpphz}]4+ (log P = 1.52) targets the endoplasmic reticulum and is highly toxic to 

MCF-7 cells (IC50 = 7 µM).22  The bbn linked oligonuclear complexes are less lipophilic but all 

show greater toxicity to the cell lines studied than [{Ru(phen)2}2{µ-tpphz}]4+, and despite the 

differences in log P values, they all target the nucleolus.  The results of this study suggest that in 

these cases log P values do not reflect the ease with which the ruthenium complexes can cross 

cell membranes.  Although it is acknowledged that the [{Ru(phen)2}2{µ-tpphz}]4+ complexes 

enter cells by active transport,11 the results of this study suggest that the distance between the 

ruthenium centres (compared to the length of the highly non-polar section of a lipid bilayer) 

could be a more important factor for cellular uptake than lipophilicity, per se. 

 The CD spectroscopy experiments confirmed that Rubb12 can interact with DNA and 

RNA at biologically relevant concentrations.  While the CD results suggested that Rubb12 

affected the base-stacking of both DNA and RNA, there was no indication that the ruthenium 

complex condensed or aggregated either nucleic acid at ≤ IC50 concentrations.  Furthermore, 

both the RNA and DNA maintained their normal solution conformations upon ∆∆/ΛΛ-Rubb12 

binding.  Given the preferential RNA binding exhibited by the ruthenium complexes, it is 

possible that RNA binding is responsible for the cellular toxicity.  In support of this proposal is 

the observation that after 4 hours incubation with BHK cells, confocal microscopy indicated that 

a large proportion of the administered Rubb12 was located outside of the nucleus, but after 20 

hours nearly all the ruthenium complex was inside the nucleus in the nucleolus.  The IC50 value 

after a 4 hour incubation in the BHK cells was 190.9 µM, but this dropped to 70.5 µM after 24 

hours and then only decreased to a small extent over the next 48 hours. 

 The results of this study indicate that the oligonuclear ruthenium complexes do bind 

nucleic acids in live cells, thereby, supporting the proposed biological potential suggested in the 

many studies of nucleic acid binding by cationic transition metal complexes.1-8  However, it 
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appears the ruthenium complexes target RNA rather than DNA.  We have previously 

demonstrated that the bulky dinuclear ruthenium complexes bind in the DNA minor groove and 

preferentially target non-duplex features, such as bulges and hair-pin loops, compared to 

standard duplex structures.38,39  It could be argued that RNA contains a greater proportion of 

non-duplex structures than does DNA.  However, generally only a slight difference was seen 

between the ∆∆ and ΛΛ enantiomers in terms of toxicity, intracellular localisation or in binding 

to long segments of DNA or RNA.  However, a relatively larger enantiomeric effect is seen for 

Hep-G2 and S. aueaus. As we have observed differences in the way the enantiomers interact 

with DNA oligonucleotide,7,38 it is possible that the effects observed in this study are primarily 

due to non-specific electrostatic interactions that cause sufficient structural modifications to 

inhibit RNA-driven transcription.  The CD spectroscopy studies indicated that the ruthenium 

complex-bound DNA maintained the B-conformation, while the bound-RNA maintained the A-

form. The A-form RNA has a shorter rise per base pair (≈ 2.8 Å) than B-DNA (≈ 3.4 Å).40  

Consequently, A-RNA will have an increased linear negative charge density compared to B-form 

DNA.  This should impact on the binding of polycations, and potentially when coupled to the 

increased proportion of more flexible non-duplex structures found in RNA, provides an 

explanation for the observed binding preference of the ruthenium complexes for RNA in the 

eukaryotic cells studied here.  

 In conclusion, the results of this study demonstrate that the Rubbn class of antimicrobial 

agents selectively accumulate in the nucleus of eukaryotic cells.  However, the ruthenium 

complexes preferentially localise in the RNA-rich nucleoli, rather than the chromosomal DNA.  

Although RNA and DNA binding is most likely responsible for the toxicity of the ruthenium 

complexes to the eukaryotic cells, the cytotoxicity assays indicated that the lead complex, ∆∆-

Rubb12, is approximately 100-fold less toxic to eukaryotic cells than to Gram positive bacteria. 
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Oligonuclear polypyridylruthenium(II) complexes show selectivity for the nucleus of 

eukaryotic cells with a considerable preference for the RNA-rich nucleolus. 
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