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The luminescence properties of Ru' complexes [Ru(TAP),(phen)]Cl, (1), [Ru(TAP)(TPAC)|Cl,
(2) and [Ru(phen),(TPAC)|Cl, (3) (TAP = 1,4,5,8-tetraazaphenanthrene and TPAC =
tetrapyrido-acridine) were used for probing the interactions of cell transfection (co)polymers, such
as poly[2-dimethylaminoethyl-methacrylate] (PDMAEMA) and poly[2-dimethylaminoethyl-
methacrylate]-b-poly[(ethylene glycol-a-methylether-o-methacrylate] (P(DMAEMA-b-MAPEQG)),
with different polynucleotides (poly[(dA—dT)], and poly[(dG—dC)],) and nucleic acids (calf thymus
DNA and pBR322 plasmid DNA). It turned out that 1 was not a useful probe because its affinity
constant for DNA was too weak. Moreover, 3 was also excluded because DNA—Ru complex
aggregates complicated the interpretation of the data. 2 was the only candidate that could be used
as a luminescent probe of “DNA—polymer” self-assemblies that would penetrate cell membranes.
Different (co)polymer/polynucleotide ratios were tested with complex 2 by luminescence
measurements. The results showed that 2 is an interesting probe, which is very sensitive to
changes in the polynucleotide double helix structure that are induced by interactions with the
synthetic (co)polymer. Moreover, complex 2 has a mode of action of emission that is

different from that of the classically used ethidium bromide, i.e. an increase in emission

when certain “‘polymer/DNA” ratios are reached during the titration of DNA with the

polymer.

Introduction

Research on non-viral synthetic transfecting agents for the
efficient delivery of genetic material has increased tremendously
during the last decade.! These specially designed vectorizing
agents are either positively charged proteins, like protamines,
liposomes or lipid derivatives,> or synthetic polymers® or
dendrimers.* Different methods have been developed for
studying the interactions between transfected DNA and these
vectorizing agents. For example, the aggregates or particles
formed between interacting partners can be examined by gel
electrophoretic mobility, dynamic linear scattering (DLS) or
atomic force microscopy (AFM), i.e. techniques that provide
information on the sizes and shapes of these particles. The
classical “fluorescence quenching exclusion assay’, first used
for the interaction between DNA and small molecules,’ has
also been applied to DNA transfecting agents.'“>*¢ This
emission spectroscopy is based on the competition of inter-
action with DNA between a fluorescent organic dye (the most
widely used is ethidium bromide (ETB)) and the species under
investigation. ETB has a fluorescence intensity and lifetime
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that increase when it intercalates into the DNA double helix,
due to a decrease of proton exchange with the DNA duplex
compared to water.® In the presence of another interacting
species, ETB is expelled from DNA into water and regains its
original fluorescence. This spectroscopic method allows quan-
titative determinations as long as no particles are formed in the
medium; in such a case, light scattering perturbs quantitative
measurements. On the other hand, during the last decade, it
has been shown that Ru'' complexes can behave as interesting
DNA photoprobes.” In this case, the luminescence of the Ru
complexes generally increases by interacting with DNA, due to
protection of their metal-to-ligand charge transfer excited
triplet state *MLCT) by the double helix. In our laboratory,
we have more particularly examined photo-oxidizing Ru"
complexes whose luminescence is, in contrast, quenched by
interacting with DNA, due to an electron transfer process
from guanine bases.® In the context of our research on
synthetic polymeric vectorizing agents, we have shown’ that
this kind of Ru complex, when tethered to a cell-penetrating
polymer, is able to photo-crosslink guanine-containing oligo-
nucleotides with the synthetic polymer via a photo-electron
transfer process. In the present work, we wondered whether
this same type of complex, not attached, but free in solution,
could be used like ETB for studying the interaction of
synthetic transfecting polymers with DNA. These Ru
complexes could indeed offer some advantages over ETB.
Being very sensitive to the DNA microenvironment and good
emitters from the *MLCT state, and therefore having a much
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Fig. 1 (a) PDMAEMA (trunk homopolymer); (b) P(DMAEMA-b-
MAPEG) (palm tree co-polymer).

longer excited state lifetime than that of the ETB singlet
excited state, they could probe the DNA dynamics and local
structures of the double helix over a longer timescale. There-
fore, they might be more sensitive to DNA structural changes
induced by interactions with a synthetic polymer. Moreover,
their mode of action as a sensor could be different depending
on the ligands of the Ru complex. Thus, with oxidizing ligands
and due to a photo-induced electron transfer as mentioned
above, the emission could also be quenched instead of being
enhanced by DNA.

As promising results had been obtained previously by our
co-workers with positively charged transfecting polymers,®
examined by DLS and AFM, and tested by cell transfection
experiments, we decided to choose for this study two of these
polymers at our disposal: the poly[2-dimethylaminoethyl-
methacrylate] homopolymer [P(DMAEMA); Fig. 1(a)], which
will be called the “trunk™ polymer, and poly[2-dimethyl-
aminoethyl-methacrylate]-b-poly[(ethylene  glycol-a-methyl-
ether-o-methacrylate] [P(DMAEMA-b-MAPEG); Fig. 1(b)],
which will be called the “palm tree” co-polymer. Binary
associations of the trunk or palm tree polymer with the
pCMVb-plasmid (Fig. 2) are able to cross the cellular
membranes of Cos-7 cells in the absence of serum. Ternary
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Fig. 2 A hypothetical structure of the association between a plasmid
and (a) the trunk polymer, and (b) the palm tree co-polymer.

associations containing both polymers (trunk + palm tree)
and pCMVb-plasmid (Fig. 3) have also been shown to
transfect these cells, even in the presence of serum.

Concerning the Ru complexes, the three compounds,
[Ru(TAP)>(phen)]Cl, (1), [Ru(TAP),(TPAC)ICl, (2) and
[Ru(phen),(TPAC)ICl, (3) (TAP = 1,4,58-tetraazaphen-
anthrene and TPAC = tetrapyrido-acridine), shown in
Fig. 4, were selected. Complex 1 produces a photo-electron
transfer process with the guanine bases and displays a mod-
erate affinity for nucleic acids. The emission of complex 2 is
also quenched by DNA, but this compound exhibits a high
affinity for DNA due to its intercalation between the stacked
base pairs, thanks to the extended TPAC ligand. Complex 3
also interacts via intercalation, but displays no photo-reactiv-
ity with DNA, and should therefore behave like ETB. Com-
plexes 1-3 were thus tested in quantitative investigations of the
interaction between (co)polymer transfecting agents and
polynucleotides.

Experimental
Materials

Ru'' complexes 1-3 (Fig. 4) were prepared according to
literature procedures.''"!? The cationic trunk homopolymer,
with M, = 27500 (determined by gel permeation chromato-
graphy (GPC)) and PDI = 1.39, and the palm tree co-polymer,
with M, = 27800 and M, /M, = 1.4 (determined by size
exclusion chromatography (SEC) and relative to PMMA
standards, relative compositions expressed in mol% and
determined by 'H NMR: P(DMAEMA) = 82.7% and
MAPEG = 17.3%, based on a P(DMAEMA) trunk: M,, =
13600 and M, /M, = 1.25, and short PEG branches, each
with M,, = 475), were synthesized according to published
methods; their pK, values were ca. 7.1%13!* All chemicals and
reagents were obtained from Fluka, Aldrich or Merck, and
were used without further purification. Calf thymus DNA
(CT-DNA), dialysed several times against a buffer solution
(~8 kbp), was purchased from Sigma, and the pBR322
plasmids (4361 bp), [poly(dA—dT)], and [poly(dG—dC)], were
purchased from Amersham Biosciences.

Instruments

For the characterization of the Ru complexes, 'H NMR
(300 MHz) spectra were obtained on a Bruker Avance 300
instrument, absorption spectra were recorded on a Perkin-
Elmer Lambda UV-VIS spectrophotometer, and emission
spectra were recorded with a Shimadzu RF-5001 PC spectro-
meter equipped with a Hamamatsu R-928 photomultiplier
tube and a 250 W xenon lamp as the excitation source. The
spectra were corrected for instrument response.

Luminescence titrations

Luminescence titrations were carried out as follows. A certain
volume of solution of the metallic complex (1 x 107> M or
5 x 107 M) in buffer (155 mM NaCl, 20 mM HEPES,
pH 7.4), with the highest number of DNA equivalents (equivalents
in phosphate or base) in the same buffer, was introduced into a
spectroscopic cell. The solution obtained was stirred, and after
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Fig. 3 A hypothetical structure of the association between a plasmid and the trunk + palm tree polymers.
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Fig. 4 The structures of [Ru(TAP)x(phen)]Cl, (1), [Ru(TAP)(TPAC)]Cl, (2) and [Ru(phen),(TPAC)ICL (3).

10 min the absorption and emission spectra were recorded. A
stock solution, which contained the same concentration of
metallic complex in the same buffer, was also prepared. After
the measurement, a certain volume of the DNA/Ru" solution
was removed from the cell and the same volume of stock
solution of the Ru" complex was added. In this way, the Ru'!
complex concentration was kept constant for each sample,
while the DNA concentration was diluted from sample to
sample. This method avoided prolonged illumination of the
same Ru complexes, which would induce photo-electron
transfer with the guanine bases, leading to photo-adduct
formation.®” The highest and lowest concentrations of DNA
were 1 x 107> M and 5 x 107® M, respectively, expressed in
equivalents of nucleotide bases.

When the titration was carried out with the trunk or palm
tree (co)polymer, the solution in the cell consisted of two
components, the Ru' complex and the polynucleotide, both
kept at a constant concentration. This mixture was titrated
with varying concentrations of polymer. Thus, for the first
measured sample, the cell contained metal complex (1 x 107°
or 5 x 107® M), buffer solution (155 mM NaCl, 20 mM
HEPES, pH 7.4), polynucleotide (CT-DNA, [poly(dA—dT)],
or [poly(dG—dC)], at a concentration such that it corres-
ponded to the luminescence plateau of the complex in the
presence of the polynucleotide) and the highest concentration
of polymer equivalents. This sample was then progressively
diluted with a stock solution, which always contained the same
concentration of metal complex, buffer, NaCl and poly-
nucleotide. The same procedure was adopted for the titration of
the ternary association “‘metal complex + polynucleotide +
trunk polymer” with the palm tree co-polymer. In this case,

the palm tree co-polymer was diluted from sample to sample
by a stock solution of the ternary association.

All of the absorption spectra were measured in the 200-800 nm
range. For the emission spectra, the excitation wavelengths for
1, 2 and 3 were 450, 450 and 415 nm, respectively, and the
luminescence intensity was integrated over the whole emission
spectrum. The absorption data were used to correct the
luminescence titrations in order to report emission intensities
for the same percentage of absorbed light. The emission
intensity (/) of the samples that contained the above
mentioned mixtures, in which the Ru™ concentration was
always kept constant was recorded as a function of the
concentration (in equivalents) of the component, which was
variable. One equivalent of polymer is defined as one
equivalent of monomer unit containing an amine function
(protonated or not). In order to be able to compare the plots,
the measured emission intensity (/) was divided by the
emission intensity corresponding to that of the solution for
zero equivalents of titrating agent (/). Thus, if the solution
contained only the Ru' complex and was titrated with DNA,
I, was the emission intensity of the Ru'' complex alone; if the
solution contained the Ru' complex plus DNA, both at
constant concentration, and was titrated with the polymer,
I, corresponded to the emission intensity of the constant Ru'
complex plus DNA. For all the titrations, I/, was plotted on
the ordinate. On the abscissa, the number of equivalents of the
titrating component was plotted with respect to the Ru'!
complex, which was chosen as the reference point. If the
titrated solution contained more components than the Ru'!
complex, then the ratio of these components was kept constant
during the whole titration, as outlined above.
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Results and discussion
Choice of systems: Ru complexes, polynucleotides and polymers

As outlined in the introduction, when polyazaaromatic Ru"’
complexes are excited, they emit in the visible region, and if
they interact with polynucleotides, their luminescence intensity
may increase or decrease, depending on the nature of the
polyazaaromatic ligands and the guanine content of the poly-
nucleotide. Thus, for complexes 1 and 2, which contain two
TAP m-accepting ligands,'>'>'®  their luminescence is
quenched by the guanine bases of the polynucleotides. As
explained above, this inhibition is caused by an electron
transfer from the guanine base to the excited complex.
Therefore, emission quenching is measured for 1 and 2 with
CT-DNA and [poly(dG—dC)],. With the addition of increasing
amounts of polynucleotide at constant Ru'! complex concen-
tration, 7 decreases until a plateau value is reached, which
indicates that all of the metallic complex is interacting with the
polynucleotide. In contrast, the same complexes exhibit an
increase in luminescence intensity with increasing amounts of
polynucleotide if the latter does not contain any guanine base,
for example with [poly(dA—dT)],. On the other hand, when the
Ru'! complex contains two phen ligands instead of two TAP
ligands (in the case of complex 3; Fig. 4), I increases with
increasing amounts of polynucleotide, independently of the
guanine content. This is caused by protection of the excited
state by the double helix (i) from the aqueous solution and/or
(ii) from oxygen quenching. On the basis of these different
luminescence behaviors, we tested complexes 1-3 by recording
the titration curves corresponding to their luminescence as a
function of increasing amounts of polynucleotide (measured in
number of equivalents of phosphate or base). The behaviors of
the three complexes could be different because 1 interacts with
DNA with a weak affinity constant by adsorption inside the
DNA grooves,l7 whereas 2 and 3 intercalate into the DNA
stacks with a high affinity constant, due to the presence of the
planar extended TPAC ligand. Therefore, in these cases,
the interaction with polynucleotides is not only driven by
Coulombic interactions, but also by entropic factors. The
characteristic behaviors of complexes 1-3 should be perturbed
by the presence of the positively charged synthetic polymer,
which interacts with the negatively charged polynucleotide.
These effects should depend in some way on the interaction
geometry and affinity constant of the complex for DNA. For
instance, the influence of the polymer at the level of the
“DNA-Ru complex” interaction could not be purely electro-
static for 2 and 3. Thus, complex 1 was chosen as a photo-
reactive groove binder, and complexes 2 and 3 were selected
for their intercalation ability, the former being photo-reactive,
whereas the latter cannot photo-oxidize guanine bases.

The chosen trunk homopolymer and palm tree co-polymer
have pK, values around 7 and, at the pH needed in these
experiments (pH 7.4), they both dissolve well. For this study,
we considered one polymer equivalent as being one equivalent of
monomer unit with an amine function (protonated or not). Thus,
for the palm tree co-polymer, as the palms have no amine
function, we considered only the number of equivalents of
monomer units in the trunk, which contains the amine functions.

The first step in the study consisted of determining the
number of equivalents of nucleotide base (or phosphate)
needed for each Ru complex (as a reference point), so that
the whole amount of luminescent complex interacts with the
polynucleotide. The number of phosphate equivalents was
found at the plateau obtained by luminescence titration of
the complex with increasing amounts of DNA (in number of
bases or phosphates). In the second step, this pre-formed
polynucleotide—Ru'" binary association (at the plateau) was
titrated with either the trunk polymer or the palm tree
co-polymer until another plateau of emission was reached.
Because of the polymer—polynucleotide association, and
probably because of partial or total neutralization of the
charges, the Ru complex should, at the end of the titration
(thus at the plateau), be completely ejected from the poly-
nucleotide; therefore, its luminescence should be restored and
correspond to that of the free Ru complex in the buffer
solution. This restoration of emission in the titration curve
should correspond either to an increase of luminescence, if the
Ru excited species was quenched by the guanine content of
the polynucleotide, or to a decrease of luminescence, if the
emission of the Ru excited species was exalted by the poly-
nucleotide. In other words, the plateau of the titration curve
for a constant polynucleotide/Ru ratio with increasing
amounts of polymer should indicate the largest amount of
polymer for which the complexes are released in solution.

Tests with complexes 1, 2 and 3 as photoprobes

[Ru(TAP),(phen)|Cl, (1). As outlined above, the first step in
this test consists of determining the number of equivalents of
nucleotide base needed to reach a plateau value in the emission
intensity of the Ru complex, by successive additions of poly-
nucleotide. The changes in the emission of 1 (at a constant
concentration of 1 x 107> M), caused by its interaction with
different polynucleotides (CT-DNA, [poly(dA—dT)], and
[poly(dG—dC)],), were examined at pH 7.4 (20 mM HEPES)
in the absence, as well as in the presence, of NaCl (155 mM).
As expected with CT-DNA in the absence of NaCl, I/,
decreased until a plateau was reached at a nucleotide: Ru
ratio of 40:1 (Fig. 5). However, in the presence of 155 mM
NaCl, which represents the physiological concentration used
for the transfection experiments,8 the luminescence of 1 was
not quenched (Fig. 5). This indicates that 1 does not interact
with CT-DNA under these conditions. The same conclusion
was applicable to the other polynucleotides because the affinity
constant of this complex remained in the region of 10° M~ !
independent of the type of polynucleotide, and this value is too
weak for the complex to compete in DNA interactions at
such high NaCl concentrations. Consequently, complex 1
could not be used in these investigations in the presence of
155 mM NaCl.

[Ru(phen),(TPAC)|CI, (3). The changes in the emission of 3
(at a constant concentration of 5 x 10~® M) in the presence of
CT-DNA, [poly(dA-dT)], and [poly(dG—-dC)], were also
examined under physiological conditions. As expected
(see above), the interaction of 3 with these three poly-
nucleotides, was accompanied by an emission increase (Fig. 6).
However, the value of the polynucleotide/Ru ratio (expressed
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Fig.5 The relative emission intensity (///) of 1 (at a concentration of
1 x 107> M) as a function of the number of equivalents of CT-DNA at
pH 7.4, in the absence of NaCl (H) and in the presence of 155 mM
NaCl (O).

in equivalents of polynucleotide) at which a plateau is reached
in the titration curve is not quite clear. Indeed, /I, seemed to
increase in two steps: from 0 to ~10 equiv., and from 10-20
to ~50-60 equiv. The origin of this enhancement in two phases
is not clear, though it might be related to the participation of
two equilibrium constants between the complex and the poly-
nucleotide. The degree of protection of 3 vs. the aqueous phase
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Fig. 6 The relative emission intensity (///) of 3 (at a concentration of
5% 107° M) as a function of the number of polynucleotide equivalents
(pH 7.4, 20 mM HEPES, 155 mM NaCl) of CT-DNA (0O),
[poly(dA—dT)], (O) and [poly(dG-dC)], (A); these three curves
correspond to a waiting time of 10 min between the measurements,
whereas for [poly(dG—dC)], (x), the waiting time was 1 h.

would be different according to these two equilibrium inter-
actions. Thus, in addition to the intercalation of the complex,
polynucleotide aggregates incorporating complex 3 (which is
more hydrophobic than complex 2) might be present. Only in
the presence of [poly(dG—dC)], as a polynucleotide did this
second phase enhancement seem to be absent with
increasing amounts of polynucleotide, and the waiting time
between each polynucleotide addition extended from 10 min
(see experimental) to 1 h (Fig. 6). The same behaviors as those
described above were observed using a 1 x 107> M concentra-
tion of metal complex 3, and a lower NaCl concentration
(80 mM) did not change the shape of the titration curve. The
formation of DNA-Ru complex aggregates complicates the
interpretation of the data, making complex 3 unsuitable as a
photoprobe.

In spite of these problems, we tried nevertheless to titrate
[poly(dA—dT)l,—Ru with the trunk polymer (ESI, Fig. S1}) and
palm tree co-polymer (ESI, Fig. S27), with a [poly(dA—dT)],:Ru
ratio of 50:1. Three main problems occurred with this:
(1) with the addition of only a few equivalents of polymer, 7/I,
had already started to drop; (ii) the points were somewhat
scattered in the region that looks like a plateau (at around
20 equiv. of polynucleotide), and (iii) the initial emission
intensity of the complex in the absence of polynucleotide
was not completely recovered after the addition of 20 equiv.
of polymer. These observations could be attributed to the
problem of aggregate formation, as described above, and to
some light scattering from small particles. The same experi-
ment could not be performed with CT-DNA. Indeed, when
one or two equivalents of trunk or palm tree (co)polymer were
added to the CT-DNA (CT-DNA:Ru = 50: 1), precipitation
occurred.

In conclusion, for the reasons outlined above, the Ru
complexes 1 and 3 could not be easily used for probing the
“polynucleotide—polymer” interactions.

[Ru(TAP),(TPAC)ICl, (2). For 2 (at concentrations of
1 x 10°M and 5 x 10°° M; pH 7.4, 20 mM HEPES,
155 mM NaCl), I/l decreased with increasing amounts of
CT-DNA and [poly(dG—dC)],. Again, as mentioned above,
this quenching was expected, since the complex contains two
TAP ligands and its excited state is thus capable of abstracting
an electron from a guanine base of these polynucleotides.
Plateau values were reached at polynucleotide: Ru ratios
of ~5:1 for CT-DNA and [poly(dG—dC)], (Fig. 7). In the
presence of [poly(dA-dT)],, the emission intensity of 2
increased, since in that case, no guanine bases were present
and consequently the excited state of the complex was
protected by the double helix without any photo-reaction. A
plateau value was reached at a polynucleotide: Ru ratio
of ~15:1 (Fig. 7). Because a plateau can clearly be obtained
for complex 2 with the three polynucleotides without compli-
cations as described for complex 3 (the plateau value remained
the same with time intervals of 10 min or 1 h between each
measurement), we could proceed to the second step of our
analysis, i.e. the titration of each ““polynucleotide loaded with
Ru complex 2” system with the polymer. Complex 2 should
be especially interesting for probing the “polynucleotide—
polymer” interaction since its mode of action depends on the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009

New J. Chem., 2009, 33, 1047-1056 | 1051



25

. Py * ¢ * * *
L o
*
15 P
___O
=
LS
¥
[o)
05
o
Qo o000 o
MAAA A A A
0 1 1 1 1 1
0 20 40 60 80
Equiv. of DNA

Fig. 7 The relative emission intensity (//l) of complex 2 (at a
concentration of 1 x 107> M) as a function of the number of
polynucleotide equivalents (pH 7.4, 20 mM HEPES, 155 mM NaCl)
of CT-DNA (O), [poly(dA—dT)], (®) and [poly(dG—dC)], (A).

polynucleotide, i.e. an increase (as with ETB) or a decrease
of luminescence depending on the guanine content of the
polynucleotide.

A question that can be raised concerning complex 2 is why it
does not lead to the same types of problems as those described
for complex 3, taking into account the fact that both com-
plexes intercalate into the polynucleotides. This difference
should be attributable to differences in their hydrophobicity/
hydrophilicity properties. Indeed, due to its two TAP ligands,
complex 2 is more hydrophilic than complex 3 with
its two phen ligands. Consequently, complex 2 should be
less inclined than complex 3 to lead to polynucleotide
aggregates.

Titrations of “polynucleotide—2” systems with the trunk polymer

For titrations with the trunk polymer, several trials were
performed in order to determine the best number of equiva-
lents of nucleotide at which the effect of adding increasing
amounts of trunk polymer could be conveniently observed. As
the ratios CT-DNA:2 = 5:1, [poly(dG-dC)],:2 = 5:1 and
[poly(dA—dT)],:2 = 15:1 represent the ratios to reach the
beginning of the plateau (Fig. 7), higher ratios (more poly-
nucleotide equivalents) were first chosen so that the whole
amount of Ru complex could be safely assumed to be inter-
acting with the polynucleotide. However, for ratios of
CT-DNA:2 = 15:1, [poly(dG—d(O)],:2 = 15:1 and
[poly(dA—dT)],:2 = 25:1, the solution did not remain clear
upon addition of the trunk polymer. Actually, the best titra-
tion results with the trunk polymer were obtained with an
intermediate amount of polynucleotide, i.e. for the ratios
of DNA:2 = 10:1, [poly(dG—dC)],:2 = 10:1 and
[poly(dA—dT)],:2 = 20:1, in which the concentration of the
Ru complex was 5 x 107% M. For these ratios, as can be seen

35

[ ]
| m B n
L |
3 b ]
]
A A 4 A A
A A
25
A
A
--.o 2 =
= .
A
15 | n
A“..
1 m®ee .
[
] ° L] L]
05 1 L 1 1 1 1 1 1
-10 o 10 20 30 40 50 80 70

Equiv. of “trunk” polymer

Fig. 8 The relative emission intensity (//1;) of CT-DNA-2 = 10:1
(A), [poly(dA-dT)[,-2 = 20:1 (@) and [poly(dG—-dC),-2 = 10:1
(M) as a function of the number of equivalents of trunk polymer.
Concentration of Ru complex = 5 x 107¢ M.

in Fig. 7, a plateau value for I/I; is clearly reached. Fig. 8
shows the titration curves as a function of increasing equiva-
lents of trunk polymer. After the addition of a certain number
of equivalents of trunk polymer, Ru complex 2, as explained
previously, should be expelled from the polynucleotide, and
the luminescence intensity should be restored in the case of
CT-DNA and [poly(dG—dC)],, whereas it should decrease in
the case of [poly(dA—dT)],. These behaviors can indeed be
observed in the in Fig. 8. However, with
[poly(dG—dC)],, 90% of the luminescence was quenched at
the beginning of the experiment (see Fig. 7); thus, a factor of
3.5 for the emission restoration in the presence of polymer is
too low. Three possibilities can be considered to explain this
weak emission. (i) Complex 2 could also interact with the
polymer and give rise to an emission quenching, but this
possibility has to be excluded because the polymer does not
induce any change in the Ru emission (data not shown). (ii)
Another possibility would be that even outside the
[poly(dG—dC)], double helix, the emission of complex 2 is
dynamically quenched by this polynucleotide. This possibility
also has to be discarded because the dynamic quenching
calculated from the Stern—Volmer relation would lead to
only 7% quenching (with quenching rate constant kg < 2 x
10° M~! s7!, luminescence lifetime © = 760 ns and an
equivalent guanine concentration of 5 x 107> M).'® (iii) The
remaining possibility is the presence of light scattering for the
measurements at the plateau value. This is a recurrent problem
(see later), which cannot be avoided if particles are formed (see
introduction). Once light scattering is present, the quantitative
measurement of light intensity compared to the initial 7, of the
Ru complex is, of course, no longer possible. Therefore, we
will consider the appearance of the plateau value as being due
to the occurrence of a compact assembly between the poly-
nucleotide and the polymer, assuming that the complex may or

curves
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may not have been completely expelled from these particles. A
non-complete recovery of the initial properties of a probe has
also been observed in the literature.*

The addition of the trunk polymer to the [poly(dA—dT)],-2
or [poly(dG—dC)],-2 associations does not change the
luminescence until ~10 equiv. of trunk polymer is reached,
and for CT-DNA until ~5-10 equiv. of trunk polymer is
reached (see Fig. 8 and the second column of Table 1). This
means that for these amounts of polymer, the trunk polymer
does not distort the structure of the polynucleotide double
helix too much, because the Ru complex remains inside the
double strands.

As seen from Fig. 8, it is not easy to determine the upper
limit of equivalents of trunk polymer for which the emission
remains equal to ~ 1. Therefore, we preferred to determine the
number of equivalents of trunk polymer at which a plateau
was reached (maximum of emission intensity; see Fig. 8 and
column 3 of Table 1), thus, as mentioned above, when a tight
polynucleotide—trunk polymer association is formed. In
column 5 of Table 1, the number of equivalents (expressed
in monomer units) of trunk polymer is given per one equiva-
lent of polynucleotide (expressed in terms of phosphate
groups), at which the Ru complex emission remains constant.
From column 5 of Table 1, the following conclusions can be
drawn. (i) Even in the case of [poly(dA—dT)],, for which only
1 equiv. of trunk polymer is needed to reach an emission
plateau, this result does not correspond to a charge neutraliza-
tion of the polynucleotide by the polymer. Indeed, there are
still negative charges in this polynucleotide—trunk polymer
association, since the polymer at pH 7.4 is very close to its
pK, (at ca. 7); thus, not all of the polymer equivalents are
protonated. Therefore, this means that well before charge
neutralization, the Ru complex is released into the medium,
not only because of a decrease in the negative charge of the
polynucleotide, but also because of a change of structure or
a distortion of the double helix, introduced by the trunk
polymer. (ii) If we compare the three polynucleotides, column
5 of Table 1 indicates that for [poly(dG-dC)], and CT-DNA,
more equivalents of polymer (2-3 and ~ 3 equiv., respectively)
are needed to reach the plateau value to thus distort these
polynucleotides. [Poly(dA—dT)],, which is indeed slightly
more flexible (composed of base pairs with only two
hydrogen bonds) than the two other polynucleotides, is
therefore the more easily deformable by the polymer, whereas
CT-DNA is less so. One could speculate, for example, that
the synthetic polymer could change the degree of winding
of the double helix and/or increase the distance between
the bases.

Titrations of “polynucleotide—2”’ systems with the palm tree
co-polymer

In order to compare the effect of adding the trunk polymer with
that of adding the palm tree co-polymer, we also titrated the
“polynucleotide-2"" association with the palm tree co-polymer
(see Fig. 9 and Table 2). Column 4 of Table 2 (equivalents of
palm tree co-polymer per one equivalent of polynucleotide)
indicates, as for the trunk polymer, that [poly(dA—dT)], is the
polynucleotide for which the double helix or the stacking of
bases is the most easily destroyed by the palm tree co-polymer,
whereas the structure of CT-DNA is the least easily modified.
On the other hand, comparing Table 2 with Table 1 indicates
that [poly(dG—dC)l, and CT-DNA can accommodate more
palm tree co-polymer than trunk polymer before reaching a
constant Ru complex emission (compare column 5 of Table 1
with column 4 of Table 2). This suggests that the density
of charges of the polymer plays a role in polynucleotide
deformation. When the density is weaker, due to the “palms”
of polyethylene glycol that in some way dilute the charges of the
trunk polymer, the distortion at the level of the polynucleotide
is weaker. In other words, the ““palms” of polyethylene glycol
might provide steric hindrance to further interaction of the
trunk of the palm tree with the polynucleotide. This would
allow the double helix to retain its structure intact with more
positive charges than with the trunk polymer.

Titrations of “polynucleotide—2—trunk polymer” systems with
the palm tree co-polymer

This case was also examined because it has been shown that
this type of ‘““polynucleotide—polymer mixture” association
can give the best results for transfection.'® Thus, we titrated
with the palm tree co-polymer, the “polynucleotide—Ru
complex—trunk polymer” association, in which the Ru
complex’s luminescence intensity remained constant with the
addition of trunk polymer, thus with a number of trunk
polymer equivalents less than or equal to that given in column
2 of Table 1. The following associations were used per
equivalent of Ru complex (see column 1 and 2 of Table 1):
poly(dA—dT)],: trunk = 20:5, [poly(dG—dC)],: trunk = 10:5
and CT-DNA :trunk = 10:5. The results of the titrations are
shown in Fig. 10 and summarized in Table 3.

A curve with CT-DNA could not be obtained because of the
appearance of turbidity or even precipitation with the addition
of the palm tree co-polymer to the system. The results in
Table 3 have been treated in the following way. We have
calculated the sum of the number of equivalents of palm tree
co-polymer obtained at the plateau of luminescence and the

Table 1 Titration of the “Ru—polynucleotide” association with the trunk polymer (see also Fig. 8), using Ru complex 2

Equiv. of trunk Equiv. of trunk

Equiv. of Max. equiv. of trunk Equiv. of trunk polymer/equiv. of polymer per 1 equiv.
polynucleotide polymer for constant polymer at the polynucleotide polynucleotide

per 1 Ru emission plateau at the plateau at the plateau
[Poly(dA-dT)], = 20 10 25-30 25/20 to 30/20 ~1

[Poly(dG-dC)], = 10 10 20-30 20/10 to 30/10 ~2-3

CT-DNA = 10 5 30 30/10 ~3

pBR322 = 10 x5 20/10 ~2
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Fig. 9 The relative emission intensity (/) of CT-DNA-2 = 10:1
(O), [poly(dA—dT)],2 = 20:1 (M) and [poly(dG-dC)],2 = 10:1
(A) as a function of the number of equivalents of palm tree
co-polymer. Concentration of Ru complex = 5 x 107° M.

number of equivalents of the trunk polymer already present in
the associations (i.e. column 2 + column 3). In column 4, we
give the ratio of the total amount of the two polymers to the
amount of polynucleotide (expressed in equivalents per
equivalent of Ru), and column 5 gives the value of this ratio,
and thus the number of equivalents of the two polymers per
one equivalent of polynucleotide. This ratio indicates again
that [poly(dA—dT)], (ratio = 1.5:1) is more sensitive than
[poly(dG—dC)], (ratio = 2.5:1) to the addition of the two
polymers. Moreover, a comparison of the last columns of
Table 1, Table 2 and Table 3 indicates that (i) there is almost
no difference between the effect of adding the trunk polymer
and adding the mixture of trunk + palm tree co-polymer
(Table 1 and Table 3), and (ii) the palm tree co-polymer alone
distorts the polynucleotide by less (Table 2), at least when
[poly(dG—dC)], and CT-DNA are used.

[Ru(TAP),(TPAC)|CI, as a photoprobe for the interaction
between plasmid pBR322 and the polymers

For the transfection experiments,'® none of the poly-

nucleotides studied in this work were used. Therefore, we have
also performed luminescence measurements of complex 2 with
plasmid DNA, which was the material tested for the biological
assays. The addition of plasmid pBR322 to Ru complex 2 led
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Fig. 10 The relative emission intensity (//1y) of the 2-[poly(dG—dC)],—
trunk polymer association = 1:10:5 (H) and of the 2-[poly(dA-dT)],—
trunk association = 1:20:5 (O) as a function of the number of
equivalents of palm tree co-polymer.

to its luminescence quenching, because the plasmid contains
guanine bases. Under the same physiological conditions as
before, a plateau in the emission of 2 was reached at a
polynucleotide : Ru ratio of 5: 1. Thus, for titrations with the
polymer, higher pPBR322: Ru ratios were used, i.e. with 10 and
20 equiv. of pBR322 (expressed in equivalents of phosphate).
With 10 equiv. of pBR322 (Fig. 11 and column 2 of Table 1),
5 equiv. of trunk polymer could be added without changing
the emission intensity, i.e. the same amount as with CT-DNA.
Column 5 of Table 1 indicates that per equivalent of pBR322
plasmid, the plateau of luminescence is reached at ~2 equiv.
of trunk polymer, compared to ~3 equiv. for CT-DNA. It
seems that the plasmid is slightly more sensitive than CT-DNA
to deformation by the trunk polymer. At higher concentra-
tions of pBR322 plasmid (pBR322:Ru = 20:1), Fig. 11
shows that the plateau value is abnormally small. This means
that the problem of light scattering causing too weak an
emission restoration, as discussed before for the first titrations
with the polymers presented in Fig. 8, has become very
important in this case. This is not surprising, because a
plasmid has a supercoiled circular form, and therefore it has
a greater propensity to form aggregates or particles in the
presence of a compacting agent, such as cationic polymers.
Thus, when too high concentrations of plasmids are used, the
titrations are no longer possible because of the formation of
particles. As mentioned in the introduction, spectroscopic
methods, such as emission intensity measurements, are no
longer applicable in such cases.

Table 2 Titration of the “Ru—polynucleotide” association with the palm tree co-polymer (see also Fig. 9), using Ru complex 2

Equiv. of palm

Equiv. of palm tree co-polymer

Equiv. of Equiv. of palm tree tree co-polymer/equiv. per 1 equiv. of
polynucleotide co-polymer at the of polynucleotide polynucleotide
per 1 Ru plateau at the plateau at the plateau
[Poly(dA—dT)], = 20 25 25/20 ~1
[Poly(dG-dO)], = 10 40-50 40/10-50/10 ~4-5
CT-DNA = 10 40-50 50/10 ~5
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Table 3 Titration of the “Ru—polynucleotide—trunk polymer” association with the palm tree co-polymer (see also Fig. 10), using Ru complex 2

Equiv. of palm tree
co-polymer at the

Equiv. of polynucleotide/
equiv. of trunk polymer

Equiv. of “palm tree +
trunk” polymers at the

Equiv. of the sum of

the polymers per 1 equiv.
of polynucleotide

at the plateau

Equiv. of the sum

of the polymers/equiv.
of polynucleotide

at the plateau

30/20-35/20 ~1.5
25/10 ~2.5

per 1 Ru plateau plateau
[Poly(dA-dT)], = 20/5 25-30 30-35
[Poly(dG-dCO)], = 10/5 20 25
CT-DNA = 10/5 precipitation —
22
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Fig. 11 The relative emission intensity (//],) for the pBR322-2 (10: 1)
(O) and pBR322-2 (20:1) (M) associations as a function of the
number of equivalents of trunk polymer. Concentration of Ru
complex = 5 x 107% M.

Conclusions

We have learnt from this study that the selection of a Ru
complex that behaves as a good photoprobe for the interaction
between a polymeric cationic transfecting agent and genetic
material is not straightforward. The metal-based probe must
have a high affinity for the polynucleotide, even in the presence
of high concentrations of salts. However, metal complexes like
[Ru(phen),(TPAC)]CI, (3) might have a disadvantage, due to
their higher hydrophobicity, as compared to [Ru(TAP),TPAC]**
(2), giving rise to complicated associations with the poly-
nucleotides (not only intercalation) (Fig. 6). This is not the
case with complex 2, which turned out to be the best candidate
selected among the three investigated possibilities. However,
as explained in the introduction, one has to keep in mind that a
spectroscopic method, such as the measurement of the emis-
sion intensity, is useful, but only for solutions. If particles start
forming, the measured luminescence intensity is disturbed by
light scattering. Other methods must then be applied to
characterize these aggregates. In this work, we chose the
plateau value reached after the addition of polymer as corres-
ponding to the upper limit of the number of polymer equiva-
lents that interact with the polynucleotides without causing
too much distortion of the double helix structure. As shown
and discussed in this work (Table 1, Table 2 and Table 3), the
number of equivalents depends on the polynucleotide and the
polymer. The smallest value determined for the amount of
polymer was 1 equiv., and corresponded to [poly(dA—dT)].
Taking the pK, value of the polymer into account, this means
that only about half of this equivalent is positively charged.
Consequently, the double helix, at least for [poly(dA—dT)],, is
already distorted well before neutralization of the negative
charges of the oligonucleotide by the positive charges of the
polymer. Below half an equivalent of polymer, the emission
intensity remains constant (compare for [poly(dA—dT)],
columns 1 and 2 in Table 1).

In conclusion, our titration experiments with complex 2 can
be considered as a rapid method for the determination of the
maximum number of equivalents of polymer that can be used
without introducing too many changes into the DNA double
helix or plasmid structure. This highlights the fact that 2 is a
very good sensor, sensitive to its microenvironment, and
which, in contrast to ETB, indicates the presence of a
“DNA-transfecting polymer” association by light emission
instead of an extinction.

In spite of the problem of light scattering, turbidity, or even
precipitation, which we met upon addition of polymer, and
which was expected since it is well known that aggregates
or particles can be formed, we nevertheless succeeded in
performing quantitative measurements. As shown in this
work, the polynucleotide double helix structure might not
have conserved its geometrical integrity, which might have
consequences for transfected cells. Therefore, we think that a
method such as the one described in this work could be useful
to determine whether genetic material has retained its
complete original geometry with a selected ratio of polymer.
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