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Interactions between DNA and ruthenium organometallic compounds are studied by using visible light absorption and circular

dichroism measurements. A titration technique allowing for the absolute determination of the advancement degree of the com-

plexation, without any assumption about the number of complexation modes is developed. When DNA is in excess, complexation

involves intercalation of one of the organometallic compound ligands between DNA base pairs. But, in the high complexation

ratio limit, where organometallic compounds are in excess relative to the DNA base pairs, a new mode of interaction is observed,

in which the organometallic compound interacts weakly with DNA. The weak interaction mode moreover develops when all the

DNA intercalation sites are occupied. A regime is reached in which one DNA base pair is linked to more than one organometallic

compound.

1 Introduction

Metal complexes have been developed for their anticancer ac-

tivity. Among them, cisplatin1 and cisplatin-derivated com-

pounds are the mostly used, but they exhibit strong toxic-

ity and are applicable only to a narrow range of tumors2,3.

For these reasons, other metal-based compounds, in particu-

lar ruthenium derivatives, have been synthesized and tested

against cancer cell lines4,5. Some of them exhibit strong ef-

ficiency and much lower toxicity than platinum-based com-

pounds and two of them, NAMI-A6 and KP10197, entered

clinical trials. These compounds, as most of the ruthenium

compounds described in the literature, are built up with ligand

that are relatively weakly bound to the metal via a coordina-

tion heteroatom-metal bond. In contrast, we have synthesized

several ruthenium-based complexes in which one of the lig-

ands is bound to the metal via a metal-carbon bound that was

further stabilized by an intramolecular N-Ru bond8. The sta-

bility of this cycloruthenated unit ensures the attachment of

the ligand to the metal and enhances the biological activity of

the complex. These molecules are called ruthenium-derived

compounds (RDC) and it has been shown that several RDCs

are cytotoxic in vitro for several cancer cell lines that are sen-

sitive or resistant to cisplatin8. It has been proposed that the

activity of these molecules implies, inter alia, their interac-

tion with DNA. It is thus of interest to study their affinity with

DNA and elucidate the structure of the formed compounds.

Moreover, the localization of RDCs inside cells is heteroge-

a IPCMS/CNRS, Université de Strasbourg, UMR 7504 23 rue du Loess,

67034 Strasbourg
b Institut de Chimie, CNRS, UMR7177, Université de Strasbourg.

neous : it is strongly localized in and around the nucleus. As a

consequence, the local concentration of RDC that controls its

reaction with DNA may be noticeably different from its aver-

age concentration.

The goal of this paper is to study the interaction of RDCs with

DNA in a wide range of DNA/RDC ratios, even when RDC

concentration exceeds that of DNA base pairs. The interaction

of ruthenium-based compounds with DNA has been studied

in the limit of smaller concentrations of ruthenium derivatives

than DNA base pairs. Luminescence studies have shown that

ruthenium complexes exhibit high affinity with DNA and this

technique can allow to recognize specific DNA sequences9,10.

Several tools have been used to study the interaction between

DNA and organometallic molecules : spectroscopic measure-

ments, such as absorption11 or emission spectroscopy12–14,

dichroic activity, either circular15, that uses the chiral proper-

ties of DNA and of studied complexes or linear16, by orien-

tation of long DNA double strands under flow, electrochem-

istry measurements17, as well as single molecule manipula-

tions18,19. The goal of such studies is to follow the associa-

tion equilibrium between DNA and a small ligand20,21. At low

ruthenium compound concentrations, the equilibrium may be

described by a single adsorption equilibrium :

L+pDNAbp
−−⇀↽−−
Ka

(L− pDNAbp)

so that the equilibrium is characterized not only by the affinity

constant of the ligand with DNA but also by the number of

DNA base pairs involved in a single ligand molecule adsorp-

tion22. In the case where the number of base pairs p is large

enough so that steric effects cannot be neglected, one needs to
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take into account that uncomplexed DNA base pairs belong-

ing to a succession of uncomplexed base pairs whose length

is smaller than p are no longer available for further complex-

ation23.

Contrary to cisplatin, DNA association with ruthenium com-

plexes does not involve the formation of a covalent bond and

the structure of the DNA/RDC compound is unknown. Several

interactions have been established for these complexes11 :

• interaction of one of the ligands of the ruthenium com-

plex between DNA base pairs. The intercalation may be

total or partial. In that case, only a part of the ligand

intercalates between the DNA base pairs13,15,16,24,

• surface interaction, in which the complex interacts with

the major or the minor DNA groove through van der

Waals interaction12,

• lastly, electrostatic interaction between the complex and

the DNA phosphate backbone12,25.

Depending on the ruthenium compound under study, one or

the other type of interactions plays a dominant role, and leads

to a particular DNA-RDC structure. Moreover, depending on

the relative amount of DNA base pairs and ligands, the com-

plexation may lead to different structures26. Moreover, DNA

being a chiral molecule the two enantiomers of a given com-

plex may exhibit different affinities towards DNA12,27–29.

In this paper, we focus our attention on a complex that has

been proven to possess a high anticancer activity30. It con-

sits in the association between ruthenium (II) and three mono-

anionic or neutral bidentate ligands. One of them is an aryl-

2-pyridine ligand that binds to the ruthenium atom through

a covalent bond Ru-C and a coordination bond Ru-N. The

two remaining ligands bind to the metal through coordination

bonds. One closely related molecule will also be studied :

RDC40Cl, where an electron acceptor group (NO2) is added

to the phenylpyridine ligand (fig. 1).

Absorption as well as circular dichroism are performed.

We characterize the change of RDC absorbance when com-

plexation with DNA occurs. Titrations of RDC with DNA are

thus performed in which the evolution of the maximum of

absorption is monitored. We concentrate our analysis on the

relationship between the variation of the molar absorbance

and the ratio of complexation of DNA by RDC. As the molar

absorbance of the pure compound consisting of RDC linked

to DNA is unknown and cannot be determined, a model needs

to be developed. Although the principal value analysis31

may be used, it does not allow for the determination of the

spectral properties of the adsorbed complex. We thus have

chosen to generalize a technique developed by Nishida32 and

Bujalowski33, in which two titrations are performed at two

different concentrations. Assuming that if the same change of

Fig. 1 Molecular structure of the studied ruthenium complexes.

RDC37Cl : X=H ; RDC40Cl : X= NO2.

absorbance per DNA base pair is measured at two different

DNA concentrations, then, the ratio of complexed DNA sites

is the same, one can thus deduce this fraction from these

measurements. It has been shown by Bujalowski33 that this

technique is very efficient in the case where one equilibrium

is at play. We will extend this technique to consider the case

of two different complexation equilibria.

2 Materials and methods

2.1 Absorption Spectrophotometry

Absorption spectra are performed with a Uvikon XL spec-

trophotometer from BIO-TEK Instruments, in specific absorp-

tion cuves (800µL in volume) of 1 cm optical path. Ruthenium

complexes possess two main characteristic absorption bands :

a UV band (200−400nm) corresponding to π −π∗ (LC) tran-

sitions and a visible band (400− 800nm) due to MLCT tran-

sitions. We determine the λmax absorption due to the MLCT

transition by registering the absorption spectra between 400

and 800nm. λmax is approximately equal to 475 nm. At this

wavelength, the absorbance of DNA (salmon sperm, sheared

10 mg/mL from Invitrogen) is negligible and the measured

signal is entirely due to the MLCT band of the ruthenium com-

pound. Absorption is first studied as a function of the RDC

concentration and was found to linearly increase up to ≈ 10−4

M. For the RDC studied, the concentration were thus cho-

sen between 2x10−5 and 8x10−5 M. All the solutions, DNA

and RDC, were prepared in distilled water without any salt or
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buffer. For the titration, the DNA solution concentrations was

1mg/mL and then, amounts of DNA were added to the RDC

solution and the evolution of the 475 nm absorption band is

monitored from a ratio of DNA base pairs concentration over

RDC concentration, [DNAbp]/[RDC] from 10−1 to 10. A ra-

tio increase of 0.1 corresponds to a DNA amount of 1.07 µL

for a RDC solution at 2x10−5 M.

2.2 Circular Dichroism

CD spectra were performed on J810 apparatus from Jasco in

specific cuvettes (3 mL volume) of 1 cm optical path, between

220 and 500 nm. The absence of CD signal for a RDC racemic

solution (2x10−5 M) was verified. Background signal, arising

from the solvent and the cuvette of solvent is substracted from

each measurement. Modification of the mixture signal was

monitored with increasing amounts of DNA (salmon sperm

from Invitrogen) solution (1 mg/mL). All the solutions, RDC

and DNA, were prepared in distilled water without any salt or

buffer. For the titration, additions of DNA amounts were per-

formed from a ratio
[DNAbp]
[RDC] from 0.1 to 10. A ratio increase of

0.1 corresponds to a DNA amount of 4 µL for a RDC solution

at 2x10−5 M.

2.3 Synthesis

The NMR spectra were obtained at room temperature on a

Brucker spectrometer. 1H NMR spectra were recorded at

500.13 (AM-500) and referenced to SiMe4. The chemical

shifts are referenced to the residual solvent peak. Chemical

shifts (δ ) and coupling constants (J) are expressed in ppm and

Hz respectively. Multiplicity: s = singulet, d = doublet, t =

triplet, m = multiplet.

Elemental analyses were carried out by the available facilities

at the Institut de Chimie of the Université de Strasbourg.

Experiments were carried out under an argon atmosphere us-

ing a vacuum line. Diethyl ether and pentane were distilled

over sodium/benzophenone, dichloromethane and acetonitrile

over calcium hydride and methanol over magnesium under ar-

gon immediately before use. Chromatography columns were

carried out on Merk aluminium oxide 90 standardized. The

other starting materials were purchased from Sigma-Aldrich

or Alfa Aesar and used as received without further purifica-

tion.

Compounds RDC3734, [Ru(bpy)2(d ppz)]2+(BF4−)2
35,36

and RDC37Cl37 were synthesised according to published pro-

cedures.

Whilst we checked that the 1H NMR spectrum of RDC37Cl

in CD3CN was identical to that of RDC37, we found that an

important signal of water was present at 2.15 ppm. Recrys-

tallisation of the compound in CH3CN/Et2O (that afforded

deep red crystals) followed by prolonged drying of this com-

pound under vacuum did not modify the amount of water

present. The combustion analysis (that was apparently not

performed38) confirmed the presence of 3 molecules of water

per molecule of RDC37Cl; [C35H30ClN5O3Ru] (RDC37Cl, 3

H2O) calcd : C = 59.61, H = 4.29, N = 9.93; found: C = 59.90,

H = 4.50, N = 9.25.

RDC40

This synthesis follows the procedure30 used to obtain the

closely related compound having a triflate as counter-anion.

To a deep purple solution of RDC37 (410mg, 0.54 mmol) in

40 ml of CH2Cl2, was added AgNO3 (93 mg, 0.55 mmol), and

PhCOCl (62.5 µl, 0.54 mmol). The solution was stirred at

room temperature for 18 hours. TLC revealed only a red spot

wich was collected by column chromatography over Al2O3

using CH3CN as eluent and concentrated in vacuo. The result-

ing powder was dissolved in the minimum amount of CH3CN

(ca 10mL) and after the addition of Et2O (ca 100mL) a dark

red solid precipitated of mass 390 mg. Yield : 90 %.
1H NMR (500 MHz, CD3CN): δ= 8.64 (d, 1H, 4JHH=2.3),

8.52 (dd, 1H, 3JHH=8.2, 4JHH=1.4), 8.44 (dd, 2H, 3JHH=8.1,
4JHH=1.1), 8.38 (dd, 1H, 3JHH=8.2, 4JHH=1.2), 8.33 (dd, 1H,
3JHH=5.2, 4JHH=1.2), 8.24 (d, 1H, 3JHH=8.4), 8.18 (m, 1H),

8.16 (d, 2H, 3JHH=4.0, 2H), 8.12 (d, 2H, 4JHH=1.1, 2H),

8.06 (dd, 1H, 3JHH=5.0, 4JHH=1.4), 7.86 (dd, 1H, 3JHH=5.2,
4JHH=1.1), 7.75 (t, 1H, 3JHH=7.8), 7.66-7.62 (m, 3H), 7.60

(dd, 1H, 3JHH=8.2, 4JHH=5.3), 7.48 (dd, 1H, 3JHH=8.4,
4JHH=2.4), 7.45 (dd, 1H, 3JHH=8.2, 4JHH=5.5), 6.94 (ddd, 1H,
3JHH=7.2, 3JHH=5.6, 4JHH=1.2), 6.64 (d, 1H, 3JHH=8.4).

This compound was used as such without further purification

to obtain the corresponding chloro derivative, RDC40Cl.

RDC40 (100 mg, 0.12 mmol) was deposited on a column of

Amberlite R© IRA-400 (50g) (that was previously activated ac-

cording to the procedure described in ref38) using 4 mL of

acetone, and eluted with MeOH. The coloured solution con-

tained the product. Evaporation of the solvent in vacuo quan-

titatively gave RDC40Cl as a deep red solid (90 mg). The

procedure was repeated 3 times in order to eliminate any trace

of PF−
6 containing compound.

The 1H NMR of this product was also exactly the same as that

of its precursor with, as for RDC37Cl, the existence of wa-

ter at 2.15 ppm. Here also, recrystallisation of the compound

in CH3CN/Et2O (that afforded deep red crystals) followed by

prolonged drying under vacuum did not significantly modify

the amount of water present. The combustion analysis con-

firmed the presence of 5 molecules of water per molecule of

RDC40Cl; [C35H30ClN5O7Ru] (RDC40Cl, 5 H2O) calcd : C

= 53.47, H = 4.23, N = 10.69; found: C = 53.80, H = 3.80, N

= 10.40.
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3 Absorption study

Our purpose is to study and quantify the association between

a double stranded DNA macromolecule and organometallic

ruthenium complexes. The thermodynamic description of the

equilibrium is more complex than an equilibrium between

small molecules. Indeed, the DNA helix may bind with sev-

eral RDC molecules, each of them occupying an a priori un-

known number of DNA base pairs along the chain. We will

call each sequence of DNA base pairs of such length a ”site”.

Several modes of complexation (intercalation, groove binding

through one or several chelate groups26) may coexist.

3.1 Equilibria in competition

In a first approximation, let us assume that the equilibrium

between DNA macromolecule and RDC drug is described by :

S+RDC
Ka1−−⇀↽−− (S−RDC)1

S+RDC
Ka2−−⇀↽−− (S−RDC)2

where S is an association site consisting of p DNA base pairs

whose total concentration is St , (S - RDC)1 and (S - RDC)2

are complexed sites with conformation 1 or 2.

Due to local modifications of the electron density when the

RDC complex is associated with DNA, absorbance of RDC’s

MLCT band decreases with increasing DNA base pairs con-

centration (fig. 2). The transition probability, directly re-

Fig. 2 Absorbance spectra of solutions of RDC37Cl (2x10−5

mol.L−1) with increasing concentration of DNA from top to bottom

(0 to 10−4 mol.L−1). Insert : Evolution of the absorbance of the

solution at λ = 475 nm as a function of the concentration of added

base pairs of DNA, Dt .

lated to the electronic density, is quantified by the molar ab-

sorbance, ε . The ε value evolves from ε f from a free complex

to εb for a bound RDC complex. When different modes of

complexation coexist, the molar obsorbance of bound RDC

can take two values, εb1 and εb2. The total absorbance Aobs (at

λmax of MLCT absorbance) is the sum of the absorbance of

the free and bound ligands, A f and Ab :

Aobs = A f +Ab = ε f L f + εb1Lb1 + εb2Lb2

= ε f (Lt − (Lb1 +Lb2))+ εb1Lb1 + εb2Lb2 (1)

where L f is the concentration of free ligands, and Lb1, Lb2 are

the concentrations of bound ligands according to modes 1 and

2. In this equation, the molar absorbance is expressed as the

inverse of a concentration (M−1) in all the following devel-

opment. Assuming that εb1 and εb2 are known from indepen-

dent measurements and using the mass action laws for the two

equilibria, the measurement of the absorbance allows for the

determination of the advancement degrees of the equilibria.

Nevertheless, in our case, and in many other situations, εb1

and εb2 cannot be measured independently. We thus develop

a titration protocol that releases us from the knowledge of the

molar absorbances of the bound states. The central quantity of

this protocol will be the absorption change per mole of DNA

adsorption site :

QS
obs =

Aobs − ε f Lt

St

(2)

3.2 Analysis method of the titration

Let us first remark that, as a consequence of the mass ac-

tion laws, the ratio of occupied sites according to mode 1

or 2 νS
2/νS

1 is equal to the ratio between affinity constants,

Ka2/Ka1. Considering the absorption change per mole of

DNA adsorption site, QS
obs =

Aobs−ε f Lt

St
, we obtain :

QS
obs = νS ×

(

εb1 + εb2α

α +1
− ε f

)

= νS × ∆̃ε (3)

α = Ka2/Ka1 is the ratio of the complexation constants and

∆̃ε =
( εb1+εb2α

α+1
− ε f

)

is the weighted average of the variation

of molar absorbance of RDC at λmax upon complexation with

DNA. By dividing this relationship by the occupation site size

p, we get a similar equation from DNA base pairs concentra-

tion value :

QD
obs =

Aobs − ε f Lt

Dt

= νD × ∆̃ε (4)

∆̃ε is a function of molar absorbances of bound compounds,

εb1 and εb2, of free compounds, ε f , and of the affinity con-

stants Ka1 and Ka2, but does not depend on the advancement

degree of the complexation, νD. We cannot determine ∆̃ε , as

it would require the measurement of the absorbance of DNA
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saturated with RDC and the a priori knowledge of Ka2/Ka1.

As already stated, the saturation cannot be reached due to the

low solubility of RDC.

We thus now develop a procedure that allows the complete

study of the complexation. Following33, we now perform two

titrations at two different initial ruthenium complex concen-

trations, Lt and L′
t . Along each titration, one has QS

obs = νS
∆̃ε

and Q′S
obs = ν ′S

∆̃ε , where the weighted average of molar ab-

sorbances, ∆̃ε does not depend on the concentrations and ad-

vancement degrees of the reaction. As a consequence, two

points of the two titration curves (fig 3) that exhibit the same

absorbance per mole of DNA, QS
obs = Q

′S
obs correspond to the

same complexation ratios, νS = ν ′S. Moreover, the equilib-

Fig. 3 Experimental determination of the fraction of adsorbed DNA

sites. The variation of absorbance per mole of DNA base pairs is

measured along two titrations of RDC at two concentrations, Lt (©)

and L′
t (△). Values of DNA base pairs concentration corresponding

to a given value are obtained using a linear approximation between

successive experimental measurements (see insert, filled symbols

are experimental results, empty circles correspond to linear

approximation for a series of values of QD
obs). From Dt and D′

t

values, one obtains the fraction of adsorbed sites, νS using eq. 9.

The two experimental curves chosen to illustrate the technique are

obtained for RDC37Cl with Lt = 2x10−5 M (©) and L′
t = 4x10−5

M (△).

rium is satisfied at any point along the titrations :

Ka2/Ka1 = νS
2/νS

1 (5)

Ka2/Ka1 = ν ′S
2 /ν ′S

1 (6)

where νS = νS
1 + νS

2 and ν ′S = ν ′S
1 + ν ′S

2 . As a consequence,

νS
1 = ν ′S

1 and νS
2 = ν ′S

2 . But the mass action laws write :

Ka1 =
Lb1

S f L f

=
νS

1

(1− (νS
1 +νS

2 ))L f

(7)

Ka1 =
L′

b1

S′f L′
f

=
ν ′S

1

(1− (ν ′S
1 +ν ′S

2 ))L′
f

(8)

so that two points along the two titration curves where QS
obs =

Q
′S
obs correspond to the same free ligands concentrations, L f =

L′
f .

The fraction of adsorbed sites are thus obtained from the

conservation of matter :

Lt = L f +νSSt

L′
t = L′

f +ν ′SS′t

}

=⇒ νS =
L′

t −Lt

S′t −St

(9)

or, by dividing by p, νD = L′t−Lt

D′
t−Dt

.

This reasoning leads to an experimental procedure to measure

νD : QD
obs is measured experimentally for two different RDC

concentrations, Lt and L′
t . The total DNA concentrations along

each titration corresponding to the same QD
obs are then deter-

mined, from which νD is computed, using eq. 9 (fig. 3).

The slope of QD
obs as a function of νD leads to the variation of

molar absorbance, ∆̃ε (fig. 4).

3.3 Results

Considering RDC37Cl (fig. 4a), we observe that QD
obs is not

simply proportional to the DNA base pairs occupation, νD.

Two linear domains may be defined : the slope is higher at

low νD than at large νD values. We define νD
c the cross-over

value of νD between the two regimes. This non linearity has

strong implications :

• the adsorption of RDC onto DNA occurs through two dif-

ferent modes of complexation,

• these two modes are associated with two different ad-

sorption sites. The most affine sites may reach saturation

while complexation still proceeds onto the least affine

ones. This leads to the shoulder in the QD
obs(ν

D) curve.

On the opposite, if the two complexation would occur

onto the same sites, the equilibrium would be described

by eq. 4 and a linear behavior whose slope is given by a

weighted average of the molar absorption change would

be obtained, up to the saturation of sites.

Moreover, νD values may moreover be larger than 1, which

means that more than one RDC molecule complexes with one

DNA base pair. Conversely, the evolution of QD
obs in the case

of RDC40Cl (fig. 4b) molecule exhibits a linear relationship,
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Fig. 4 Evolution of QD
obs as a function of the fraction of occupied

DNA base pairs, νD. Results are given for the two studied

ruthenium compounds : (a) RDC37Cl and (b) RDC40Cl. Dashed

lines are linear fits of the asymptotic behaviors at low and high νD

from eq. 11. Thick continuous lines are fits according to eq. 13 with

Ka2/Ka1 as the sole fitting parameter.

up to νD
c values larger than 1. As a single mode of complexa-

tion cannot lead to νD values larger than 1, in light of the re-

sults obtained for RDC37Cl, it may be assumed that two com-

plexation modes also coexist for RDC40Cl. Nevertheless, the

molar extinction coefficient is very similar for the two com-

plexation modes.

We come to the conclusion that two different complexation

sites, S1 and S2, coexist along the DNA chain. They possess

different affinities, Ka1 et Ka2, for RDC :

S1 +RDC
Ka1−−⇀↽−− (S1−RDC)

S2 +RDC
Ka2−−⇀↽−− (S2−RDC)

The analysis of the titration assumes that two solutions ex-

hibiting the same absorption variation per mole of association

site possess the same fraction of occupied sites. Although this

is clearly true when the adsorption is governed by two equi-

libria in competition, it is not generally true when two kinds

of adsorption sites with different affinity constants coexist. In-

deed, the same values of Qobs may be obtained with a strong

adsorption ratio onto sites leading to small changes of molar

absorption or a smaller adsorption ratio onto sites with high

changes of molar absorption. As a consequence, the analysis

presented above is not general enough and must be validated

in our specific situation. The complete analysis is detailed in

the Appendix, and we obtain :

QD
obs = νD(ε f − εb2)+

νD

1+ Lb2
Lb1

(

νD

〈p〉

) (εb2 − εb1) (10)

where 〈p〉 is the average of the number of base pairs per site.

In a first step, εb1 and εb2 values are determined by the slopes

of QD
obs(ν

D) in the limits νD → 0 and νD → νD
max (dashed lines,

fig. 4) :

lim
νD→0

QD
obs(ν

D) = νD(ε f − εb1(
1

1+ φ2
φ1

Ka2
Ka1

)− εb2(1−
1

1+ φ2
φ1

Ka2
Ka1

))

≈ νD(ε f − εb1) (11)

lim
νD→νD

max

QD
obs(ν

D)≈ νD(ε f − εb2) (12)

Then, the experimental curves are fitted with eq. 13 (con-

tinuous lines, fig. 4) with Ka2/Ka1 as the sole parameter, con-

trolling the curvature at νD = νD
c .

QD
obs = νD(ε f − εb2)+

νD

1+ Lb2
Lb1

(νD)
(εb2 − εb1) (13)

The values are given in Tab. 6.

The two interactions exhibit strong difference of affinities :

Ka2/Ka1 ≪ 1, and the variation of molar absorbance is much

higher for the first than for the second interaction mode.

3.4 Determination of Ka1

In the low complexation regime, the most affine reaction, 1,

controls the equilibrium, and mass action law and the ab-

sorbance are :

Ka1 =
Lb1

(St −Lb1)(Lt −Lb1)
(14)

Aobs = εb1Lb1 + ε f L f (15)

which may be written as39 :

StLt

∆Aobs

−
St +Lt

∆ε1
+

∆Aobs

(∆ε1)2
=

1

Ka1∆ε1
(16)
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where ∆Aobs = Aobs − ε f Lt and ∆ε1 = εb1 − ε f . The slope and

the value at origin of St Lt
∆Aobs

as a function of St +Lt then leads to

a first approximation of Ka1 and ∆ε1. An iteration procedure is

then applied onto the values corresponding to the regime with

the highest affinity only (εb1), and calling ∆ε1,n and Ka1,n the

values found after the nth step, we have :

StLt

∆Aobs

+
∆Aobs

(∆ε1,n)2
=

1

Ka1,n+1∆ε1,n+1
+

St +Lt

∆ε1,n+1
(17)

from which ∆ε1,n+1 and Ka1,n+1 are obtained. A rapid conver-

gence after 5 iterations is obtained (fig. 5), and the obtained

values of Ka1 and εb1 are given in fig. 6.

Fig. 5 Hildebrand-Benesi39 plot of the evolution of the absorbance

as a funciton of the total concentration of ligands and base pairs,

according to eq. 17 for n = 5 iterations. The slope leads to εb1 and

one deduces Ka1 from the value at origin. Insert : successive

approximations of εb1 and Ka1 values obtained with the Hildebrand

analysis as a function of the number of iterations, n. For all

compounds studied, the asymptotic value is reached after a few

iterations.

The experimental data used to obtain these values are chose

using the Qobs plot : all the points in the first domain are

selected and the DNAbp concentrations, RDC concentrations

and absorbance values corresponding to these points are used

to perform the Ka1 and εb1 determinations described before.

The values of εb1 obtained from the Qobs plot and from the

Hildebrand-Benesi analysis (fig. 6) are coherent (around 5%

of difference) and show a good correlation between the two

methods used (Bujalowsky and Hildebrand-Benesi).

3.5 Discussion

Several association models between DNA and ruthenium

chelates have been suggested. For chiral components, the in-

tercalation structure has been observed to depend on the enan-

tiomer under study 40,41. It has also been observed that a

RDC37Cl

RDC40
Ru(bpy)20 mM 40 mM

Nacl Nacl Cl (dppz)2+

ε f 12550 12550 12260 15725

εb1
Qobs(ν) 6293 5047 7623 13924

Hildebrand 6568 4523 7663 14101

εb2 10858 6363 15233

Ka1 5.9x104 8x104 5.5x105 1.1x104

Ka2 3.5x103 4.8x102 6.6x104

Fig. 6 Molar absorbances εb1 in mol−1.l and affinity constants. Ka1

(mol−1.l ) is obtained from the Hildebrand-Benesi analysis (eq. 17),

ε f (mol−1.l ) is obtained from the measurement of the absorbance

of a solution of RDC solutions. εb1, εb2 (mol−1.l ) are given by the

linear slope of QD
obs(ν

D) at low and high νD values. Ka2

Ka1
is obtained

from the fitting of QD
obs according to eq. 13 (see fig. 4), from which

Ka2 is obtained

given enantiomer may possess two different modes of associ-

ation, depending on its concentration relative to the DNA con-

centration26. The intercalation may be partial or complete42,

depending on the angle of intercalation relative to the DNA

axis15. This leads to different depths of intercalation16. Most

observations tend to show that the intercalation occurs through

the major DNA groove, but recent NMR measurements have

shown that association with the minor groove also occurs43,44.

Raman spectroscopy may allow to determine wich ligand is

intercalated between the DNA base pairs45.

Several modes of complexation thus may exist and have been

identified for Ru(bpy)2(dppz)2+ using film voltammetry tech-

nique24. Let us now identify the nature of the interaction for

the two modes observed in our experiments. As we see be-

fore, the first domain corresponds certainly to an intercala-

tion mode. To proove this, it is interesting to compare our

results to the one obtained for the complexation of DNA with

[Ru(bpy)2(d ppz)]2+, whose dppz ligand is known to interca-

late between DNA base pairs, and that possesses secondary

interaction modes.

According to the litterature, this complex is a good interca-

lator between DNA base pairs13,46 at very high concentration

ratio of DNA base pairs against complex (
DNAbp

Ru
> 10). This

compound develops a very high affinity constant with DNA

macromolecule : around 106 M−1 for electrochemical lumi-

nescence17, emission spectroscopy46, DNA stretching exper-

iments18 ; around 105 M−1 for AFM experiment18. Raman

spectroscopy measurements45 show that this complex inter-

act through dppz ligand but the aromatic plane is just par-

tially intercalated by the phenazine part. For several years,

luminescence experiments on these systems were developped

and an important observation was that the luminescence bi-
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exponential decreasing time of the ruthenium complex associ-

ated with DNA9. As a consequence, two kinds of interactions

exist, corresponding to two different intercalations with dif-

ferent geometries : the dppz ligand axis may be parallel (side-

on geometry) or perpendicular to the DNA macromolecule

axis13. In our experiments, the variation of the dppz com-

plex absorbance is not very sensitive to the intercalation ge-

ometries, so the experimental detection of these two differ-

ent kinds of intercalation is not detected. However, we ob-

serve a new interaction mode at low
DNAbp

Ru
ratio, i.e. when the

complex is in excess against DNA base pairs. It is remark-

able that [Ru(bpy)2(d ppz)]2+ results (fig. 7) are very similar

to the RDC complex, two limit domains can be described : the

first one at low DNA occupation fraction (< 0.5) correspond-

ing to the intercalation of complex between DNA base pairs

(independent of the intercalation geometries), and the second

one at high DNA occupation fraction (> 0.5) corresponding

to another kind of interaction, possibly surface bounding or

electrostatic, with a very lower affinity constant. For the first

Fig. 7 Evolution of QD
obs as a function of the fraction of occupied

DNA base pairs, νD for the compound [Ru(bpy)2(d ppz)]2+.

Dashed lines are linear fits of the asymptotic behaviors at low and

high νD from eq. 11. Thick continuous lines are fits according to

eq. 13 with Ka2/Ka1 as the sole fitting parameter.

domain and using the Hildebrand-Benesi analysis described

before, the [Ru(bpy)2(d ppz)]2+ compound show a very high

affinity constant, Ka1 = 1.1x105 M−1, wich is comparable to

the litterature values with the assumption of a single equilib-

rium. So the nature of the interaction for this domain is clearly

the intercalation for [Ru(bpy)2(d ppz)]2+ and according to the

results for the RDC compounds we can assume the same kind

of interaction for all the first domain (excess of DNAbp).

But there is a great structural difference between RDC

and [Ru(bpy)2(d ppz)]2+ : the latter possesses a dppz ligand

whereas the former is linked with phenanthrolines ligands.

The intercalation of phenanthroline ligand has been discuted

for several years16,25 : obviously the phenanthroline ligand in-

teracts less than the dppz ligand considering an intercalation.

The interaction between [Ru(phen)3]
2+ and DNA has in-

deed been studied16,25 : the phenanthroline ligand intercalates

between DNA base pairs, but with a much lower affinity than

the dppz ligand. A large part of the work has been focussed

on the complex-DNA association enantioselectivity due to the

DNA chiral nature12,40,43,47,48. Studies have been performed

at a very high concentration ratio
DNAbp

RDC
> 10 and it seems

that the phenanthroline intercalation is accepted for this range

of concentration ratios values16. However, the intercalation

geometry details are not known and particularly, ∆ and Λ iso-

mers do not lead to the same association structure12,40,43,47,48.

Moreover, DNA structure modification is very low48 compar-

ing to a classical intercalator as dppz ligand, the most plau-

sible explanation is that the phenanthroline does not interca-

late deeply into DNA macromolecule, but just interact through

semi or quasi-intercalation16.

According to the results shown in fig.7, the affinity con-

stant of RDC37Cl in the first domain is lower than the one

of [Ru(bpy)2(d ppz)]2+ : Ka1(RDC37Cl) = 5.9x104 M−1 <
Ka1([Ru(bpy)2(d ppz)]2+) = 1.1x105 M−1. This difference

is probably due to the different depth of the intercalation,

the dppz ligand going more into the DNA structure than the

phenanthroline ligand. The partial intercalation of the phenan-

throline makes it sensitive to other interactions. It may be re-

sponsible for the smaller affinity constant of RDC37Cl than

that of RDC40Cl. RDC40Cl possesses a NO2 electronic at-

tractor group that may develop a stabilization interaction with

the phosphate anions. Moreover, the electroacceptor effect of

NO2 on the intercalated ligand modifies the electronic density

of the intercalated phenanthroline aromatic ring and increases

the π −π stack interaction between this electron deficient lig-

and and the electron excedent aromatic rings of the DNA base

pairs, in particuler pyridine and purine. Both phenomena may

explain the higher affinity of RDC40Cl to DNA double strand

than RDC37Cl that does not possess an electroacceptor group.

In conclusion, we assume that, at low DNA occupation

fraction, the main interaction between DNA and RDC com-

plexes is an intercalation, without considering the different

possible association geometries.

For the second domain, the results give a lower affinity con-

stant for all the compounds studied, and the variation of the

molar absorbance is too weak to have an intercalation mode.

As below, we perform more experiments to study more specif-

ically this second mode.
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4 Study of the low interaction mode

To identify the second mode of association we perform others

experiments. First, circular dichroism : this manipulation can

give some informations about the DNA structure during the

titration. Then absorption spectrophotometry, as before, but in

saline medium to vary the ionic force of the solution.

4.1 Circular dichroism

The CD signal of B-DNA is very characteristic49, with a posi-

tive band at 275nm and a negative band around 250nm. These

bands are assigned to the spatial structure of double strand

DNA and to the helical arrangement of the base pairs. A mod-

ification of the DNA structure or base pair distances of inter-

action force induces a change of the CD signal. Circular and

linear dichroism spectroscopies have been used to investigate

the change of DNA structure upon complexation with ruthe-

nium complexes16,40,50,51.

We measure the evolution of RDC solution CD signal with

increasing the DNA base pairs concentration. A series of spec-

tra, obtained for RDC37Cl, are shown in fig. 8. The RDC solu-

tion does not exhibit circular dichroism because the solution is

racemic. Adding amounts of DNA, CD signal develops, both

due to the DNA chirality itself, to its change upon complexa-

tion with RDC, and also due to the change of composition of

the free RDC solution, which is no longer racemic. The same

titration as the absorption titration is performed : DNA is pro-

gressively added to a RDC solution. We observe that several

circular dichroism bands appear on the spectrum during the

titration of RDC solution by DNA base pairs. At very low val-

ues of DNA base pairs concentration, negative bands around

250nm and 275nm develop and a positive band around 260nm

appear. At high values, we observe a very similar characteris-

tic spectrum of DNA alone with negative band at 250nm and

positive band at 275nm.

We thus follow the evolution of the height of the CD signal

measured at 250 nm as a function of the complexation ratio,

νD, obtained from the light absorption measurements (fig. 9).

For all studied RDCs, two different regimes appear. At low

complexation ratios, the circular dichroism at 270 nm strongly

increases. Then a change of slope is observed at larger com-

plexation ratios, and further complexation does not lead to an

increase of the overall CD signal. For RDC37Cl, the crossover

complexation ratio between the two regimes corresponds to

νD
c obtained from absorbance measurements (fig. 9a and c).

For RDC40Cl (fig. 9b), the two regimes are also observed,

which validates our hypothesis of two absorption modes iden-

tical molar extinction ratio. We thus conclude that, for the two

different RDC studied, the two modes of association induce

different change of chirality. The compound Ru(bpy)2d ppz2+

shows the same behaviour of RDC for the circular dichroism

Fig. 8 Ellipticity of DNA/RDC complex as a function of DNA base

pairs concentration for RDC37Cl (a) and RDC40Cl (b).

Measurements are performed for Lt = 2x10−5M and Dt

Lt
values

equal to 0.5, 1, 2, 3, 5 and 8. Arrows indicate the evolution of the

curves when DNA base pairs concentration increases.

experiments (fig. 10). According to the litterature19, intercala-

tion leads to a great structural modification of the DNA macro-

molecule (increasing the distance between two base pairs of

the order of 3.4 Å) and so the ellipticity is modified. During

the titration, the ellipticity increases a lot in the first domain

(intercalation), this variation would be the same for the differ-

ent intercalation geometries cited before (partial, total, quasi-

intercalation). For the second domain, the variation of the el-

lipticity is weak and cannot be attributed to an intercalation.

4.2 Absorption into saline medium

To characterize the second mode we perform the same ab-

sorption spectrophotometry as before changing the salt con-

centration medium to 40 mM in sodium chloride. We limit
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Fig. 9 Evolution of the absorbance per mole of DNA, QD
obs (empty

circles, left scale) and of the ellipticity, θ (filled triangles, right

scale), as a function of the adsorption ratio νD, for RDC37Cl (a)

and RDC40Cl (b). Dashed lines are guides to the eye.

our study to the RDC37Cl compound, the one with the most

biological interest. Results are given in fig. 11. The general

behaviour is the same : we observe two domains correspond-

ing to two different association modes. Using the methods

described above we determine the caracteristic values and ob-

serve that the Ka1 and εb1 (from the two methods) values are

the same. Comparing the Ka1 values without and with salt

we get approximately the same one : 5.9x104 M−1 and 8x104

M−1. This observation is reasonable because the ionic force

is not involved in the free enthalpy of the formed complex.

The free enthalpy variation is essentially due to π-stacking in-

teractions between complexes ligands and DNA base pairs.

Moreover, the εb2 values are very similar with or without salt.

On the other side, we observe a decrease of one order of

magnitude of the affinity of the ligand with DNA (from Ka2 =
3.5x103 M−1 whithout salt to 4.8x102 M−1 with 40 mM of

salt). The concentration of counterions in the absence of NaCl

Fig. 10 Evolution of the absorbance per mole of DNA, QD
obs (empty

circles, left scale) and of the ellipticity, θ (filled triangles, right

scale), as a function of the adsorption ratio νD, for

Ru(bpy)2(d ppz)2+. Dashed lines are linear fits at small and large

νD values.

Fig. 11 Evolution of QD
obs as a function of the fraction of occupied

DNA base pairs, νD for RDC37Cl in a 40 mM of sodium chloride

solution. Dashed lines are linear fits of the asymptotic behaviors at

low and high νD from eq. 11. Thick continuous lines are fits

according to eq. 13 with Ka2/Ka1 as the sole fitting parameter.

Insert : Hildebrand-Benesi39 plot of the evolution of the absorbance

as a funciton of the total concentration of ligands and base pairs,

according to eq. 17 for n = 5 iterations. The slope leads to ∆ε1 and

one deduces Ka1 from the value at origin.

is 0.12 mM. The evolution of the affinity as a function of the

salt concentration cNaCl may be described by the Manning’s

theory52,53 and one has :

lnKa = lnK0
a − zΨ lncNaCl (18)
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where K0
a is the binding constant corrected for the the free

energy of ion release, z the valency of the complexing ions

and Ψ = 0.88 is the fraction of counterions associated with

each DNA phosphate. The measured slope of the affinity is

lower than 0.88 and is equal to 0.34. Such a discrepancy

has already observed for tris(phenanthroline)Ru(II) binding to

DNA and could arise from change in ligand or ligand hydra-

tion upon binding25.The magnitude of K0
a indicates the con-

tribution of non-electrostatic forces to the interaction. We

have : K0
a = 1.6x102 M−1, indicating that, in the absence of

added sodium chloride, the interaction is largely dominated

by the electrostatic contribution whereas at 40 mM of sodium

chloride, the free enthalpy associated to the electrostatic in-

teraction is equal to 82 % of the total free enthalpy of inter-

action. DNA structure exhibits well-defined sites for cations

binding54. Many cations have been shown to condense onto

DNA55–57, as well as positively charged proteins58–60. De-

pending on their size and valency, cations may bind prefer-

entially in DNA grooves or DNA strands61. Due to the large

contribution of the nonelectrostatic interactions at high ionic

strength, we may assume that at least some part of the ruthe-

nium complex is localized in the DNA grooves. The structure

of the DNA/RDC complex may moreover change when the

ionic strength is varied, and structural experiments or numer-

ical simulations would be required for a complete description

of the structure associated to this mode of interaction.

5 Conclusion

Our results demonstrate the remarkable ability of DNA

to accept high density binding of organometallic ligands,

where one DNA base pair is complexed by more than one

organometallic molecule. At high complexation ratios, the

complexation of DNA by the ligands implies two different

sites along the DNA chain. The most affine interaction in-

volves intercalation of one of the ligand in between DNA

base pairs. We have measured the enthalpy of association of

RDC37Cl in this mode (data not shown), and found ∆H = 6.52

kcal.mol−1, slightly larger than the enthalpy of association of

Ru(phen)2d ppz2+ (5.2 kcal.mol−1), that is mainly due to the

intercalation of the dppz ligand between DNA base pairs62.

The other complexation mode involves electrostatic interac-

tion, and may be due to the adsorption of the ruthenium com-

pound onto the DNA surface. The least affine complexa-

tion sites are still available while intercalation is already per-

formed. These results shed a new light on the interaction

mechanisms of DNA with organometallic compounds, and

show that new structures of DNA/organometallic compounds

may be reached at complexations ratios larger than one com-

plexant per DNA base pair.

6 Appendix

6.1 Description of the model

Let us consider that two different association sites compete

for the association of DNA with the studied RDC. This model

is characterized by two association sites S1 and S2 with the

affinity constants Ka1 and Ka2 :

S1 +RDC −−⇀↽−−
Ka1

(S1−RDC) with Ka1 =
Lb1

S f 1L f

S2 +RDC −−⇀↽−−
Ka2

(S2−RDC) with Ka2 =
Lb2

S f 2L f

Lb1 and Lb2 being the concentrations of ligands bounds to as-

sociation sites 1and 2, L f the concentration of free ligands and

S f 1 and S f 2 the concentrations of free sites.

The mass conservation laws are :

St1 = S f 1 +Lb1 (19a)

St2 = S f 2 +Lb2 (19b)

Lt = L f +Lb1 +Lb2 (19c)

where St1 = φ1St and St2 = φ2St are the numbers of sites of

type 1 and 2, φ1 and φ2 being the fractions of sites 1 and 2

along the DNA double strand. The fraction of DNA occupied

sites is now given by :

νS =
Lb1 +Lb2

St

(20)

6.2 Expression of Qobs

We need to evaluate the fraction of ligands bound to the first

or the second site kinds, Lb1/Lb2. Let us first consider the

conservation of adsorption sites of type 1 and 2.

St1 = S f 1 +Lb1 = φ1St = φ1
Lb1 +Lb2

νS
(21a)

St2 = S f 2 +Lb2 = φ2St = φ2
Lb1 +Lb2

νS
(21b)

Eq. 20 has been used to derive the last equalities.

The mass actions laws impose :

Ka2

Ka1
=

Lb2

Lb1

S f 1

S f 2
(22)

The expressions of S f 1 and S f 2 are obtained from eq. 21 :

S f 1

Lb1
=

φ1

νS

(

1+
Lb2

Lb1

)

−1 (23a)

S f 2

Lb1
=

φ2

νS

(

1+
Lb2

Lb1

)

−
Lb2

Lb1
(23b)
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Thus,

Lb2

Lb1

Ka1

La2
=

φ2

νS

(

1+ Lb2
Lb1

)

− Lb2
Lb1

φ1

νS

(

1+ Lb2
Lb1

)

−1
(24)

leading to the following equation for Lb2/Lb1 :

φ1

(

Lb2

Lb1

)2

−

(

Ka2

Ka1
(φ2 −νS)−φ1 +νS

)

Lb2

Lb1
−φ2

Ka2

Ka1
= 0

(25)

from which Lb2/Lb1 is obtained as a function of νS. The varia-

tion of absorbance per mole of DNA, QS
obs can thus be written :

QS
obs =

Aobs − ε f Lt

St

(26a)

=
ε f Lt − (ε f L f + εb1Lb1 + εb2Lb2)

St

(26b)

= νS(ε f − εb2)+
Lb1

ST

(εb2 − εb1) (26c)

= νS(ε f − εb2)+
νS

1+ Lb2
Lb1

(νS)
(εb2 − εb1) (26d)

Lb2/Lb1 being the positive root of eq. 25. QS
obs(ν

S) is plot-

ted in fig. 12 for different values of Ka2/Ka1, using the values

of the absorption coefficients obtained from the analysis of the

slope of the esperimental measures QS
obs. We check that QS

obs

is an increasing function of νS. As a consequence, the rela-

tionship between QS
obs and νS is monovalent and the method

developed for the case of a single equilibrium may be used in

our situation. From this relation, we obtain the evolution of

QD
obs with the fraction of occupied base pairs, νD. Let indeed

be p1 and p2 the number of base pairs in sites 1 and 2. The

fraction of occupied base pairs, νD is related to νS by :

νD = (p1φ1 + p2φ2)ν
S = 〈p〉νS (27)

where 〈p〉 is the weighted average of p1 and p2. We thus ob-

tain, by dividing by 〈p〉 :

QD
obs = νD(ε f − εb2)+

νD

1+ Lb2
Lb1

(

νD

〈p〉

) (εb2 − εb1) (28)

Fig. 12 Theoretical evolution of QS
obs as a function of νS. The

curves are computed using eq. 26 with molar absorbance values

obtained for RDC37Cl : ε f = 12550, εb1 = 6293 and εb2 = 10858

mol−1.l.cm−1. From top to bottom, Ka2/Ka1 = 10−3,10−2,10−1

and 1.
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Fig. 13 Organometallic compounds possess two modes of

interaction with DNA : intercalation at low complexation ratios and

electrostatic adsorption at high ratio.
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