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ABSTRACT: The processes that are photoinduced by [Ru(bpz)3]2+ (bpz ) 2,2′-bipyrazyl) in the presence
of Cu/Zn superoxide dismutase (Cu/Zn SOD) are investigated by laser flash photolysis and electron
paramagnetic resonance (EPR) spectroscopy; they are compared to those of the system [Ru(bpy)3

2+-
Cu/Zn SOD]. Although the mechanism is complicated, primary and secondary reactions can be evidenced.
First, the excited [Ru(bpz)3]2+ complex is quenched reductively by Cu/Zn SOD with the production of a
reduced complex and an oxidized enzyme. The oxidation site of Cu/Zn SOD is proposed to correspond
to amino acids located on the surface of the protein. Afterward and only when this reductive electron
transfer to the excited complex has produced enough oxidized protein, another electron-transfer process
can be evidenced. In this case, however, the charge-transfer process takes place in the other direction,
i.e., from the excited complex to the CuII center of the SOD with the formation of RuIII and CuI species.
This proposed mechanism is supported by the fact that [Ru(bpy)3]2+, which is less photo-oxidizing than
[Ru(bpz)3]2+, exhibits no photoreaction with Cu/Zn SOD. Because RuIII species are generated as
intermediates with [Ru(bpz)3]2+, they are proposed to be responsible for the enhancement of [poly(dG-
dC)]2 and [poly(dA-dT)]2 oxidation observed when Cu/Zn SOD is added to the [Ru(bpz)3]2+-DNA system.

DNA regulates most aspects of cell life and constitutes
an important drug target. The design of compounds able to
bind and react with selective nucleotidic sequences is of great
importance in probing biological processes and in developing
therapeutic drugs. In this field, ruthenium complexes are very
interesting compounds. According to their chirality and
photophysical and photoredox properties, they can be used
as DNA chiral (1-3) or luminescent probes (4-6), chemical
photonucleases (7-9), and DNA photoreagents (10-12).
Moreover, they are useful tools in the examination of charge
transport through DNA (13, 14). Ruthenium complexes can
photosensitize DNA via mechanisms such as singlet oxygen
production or photoelectron-transfer processes. Their pho-
toreactivity toward the DNA double helix stems partly from
the redox properties of their triplet metal-to-ligand charge
transfer (3MLCT) excited state, giving rise to photoredox
processes with nucleobases (12, 15, 16).

Photoelectron transfer occurs (16-18) when the reduction
potential of the complex in the excited state is more positive
than the oxidation potential of the guanine [+1.35 V versus
saturated calomel electrode (SCE)] (19), the most easily
oxidizable nucleobase in DNA. However, in polynucleotides,
this potential depends upon the stacking with the neighboring

bases (20, 21) and the possible coupling of the charge transfer
with a proton transfer (22).

The photoelectron-transfer process generates (i) single-
strand breaks of plasmid DNA (12, 16, 23), (ii) cation
guanine radicals (24) that produce a family of oxidation
products (25), and (iii) DNA photoadducts with specific RuII

complexes (10-12, 26). The photoreactivity of ruthenium
complexes with DNA can be modulated by both their redox
potential in the excited state and their interaction mode with
the DNA double helix. However, their photochemical
behavior with nucleic acids may also be affected by the
presence of proteins. Stemp and Barton (27) showed that
ferricytochromec, a basic protein with a ring of lysine units
surrounding the heme (28-29), may be associated electro-
statically in vitro with DNA and may oxidatively quench
the excited [Ru(phen)2dppz]2+. This reaction leads to the
reduction of Fe3+-cyt c to Fe2+-cyt c and the formation of
the oxidized RuIII complex. In the presence of{poly(dG-
dC)}2, the RuIII species of [Ru(phen)2dppz]2+, which is a
powerful ground-state oxidant (1.36 V versus SCE) (30),
produces guanine radicals.

In a previous work, it was shown that the photoreactivity
of [Ru(bpz)3]2+ (bpz) 2,2′-bipyrazyl) with DNA is enhanced
in the presence of Cu/Zn superoxide dismutase (Cu/Zn SOD)
(31). This enzyme induces a drastic increase in DNA
photodamage by electron-transfer such as single-strand
breaks of plasmid DNA (32), oxidation of guanine in 5′ of
a GG site, and DNA photoaddition (31). The Cu/Zn SOD
from bovine erythrocyte contains one copper(II) cation and
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one zinc(II) cation (33) in each of its two identical subunits
(34-36). This intracellular antioxidant enzyme catalyzes the
disproportionation of superoxide anion into oxygen and
hydrogen peroxide (37, 38). The mechanism for this enzyme
most likely involves the reduction of CuII by one superoxide
followed by the oxidation of CuI back to CuII by a second
superoxide (39-41). The participation of superoxide anions
and hydroxyl radicals in the effect of Cu/Zn SOD on the
photoprocesses of [Ru(bpz)3]2+ has been ruled out (32).

In this work, to obtain further mechanistic insight into the
unexpected photoreactivity of [Ru(bpz)3]2+ in the presence
of Cu/Zn SOD, we have studied the behavior of [Ru(bpz)3]2+

under irradiation with the metalloenzyme and in the presence
and absence of guanine units of mono- or polynucleotides,
using laser-induced transient absorption spectroscopy and
electron paramagnetic resonance (EPR).

EXPERIMENTAL PROCEDURES

Materials. Tris(2,2′-bipyridyl)ruthenium(II), bis(2-pyra-
zinecarboxylato)copper(II), ruthenium(III) chloride hydrate,
and potassium tetrafluoroborate were purchased from Aldrich
(Saint Quentin en Yvelines, France) and used without any
further purification. [Ru(bpz)3]2+ was prepared as described
previously (12). TRIS buffer, phosphate buffer, Cu/Zn SOD,
andN-tert-butyl-R-phenylnitrone (PBN) were from SIGMA
(Saint Quentin Fallavier, France). [Poly(dG-dC)]2 and [poly-
(dA-dT)]2 were purchased from Amersham Pharmacia Bio-
tech (Saclay, France) and were dialyzed versus a 10 mM
TRIS/HCl (pH 7.2) solution.

Luminescence Spectroscopy.Luminescence measurements
were carried out with a Photon Technology International
fluorescence spectrophotometer. Samples were excited at 452
nm. Emission was observed between 500 and 800 nm;
emission intensities were measured at 618 nm and corrected
for the instrument response. Experiments with Cu/Zn SOD
were carried out in 10 mM TRIS/HCl and 10 mM NaCl (pH
7.2). In the titration experiments, small aliquots of a
concentrated protein solution were added to the sample
containing either [Ru(bpz)3]2+ or [Ru(bpy)3]2+.

Laser Flash Photolysis.Laser flash photolysis experiments
were performed in a crossbeam configuration using an Nd:
YAG pulsed laser (Continuum NY 61-10) and a 300 W
xenon lamp (ORC XM 300-5) as a monitoring source.
Samples were pumped at 355 nm and probed at different
wavelengths (370-650 nm). Absorption signals as a function
of time were detected with an R-928 Hamamatsu photomul-
tiplier tube whose ouput was applied to a digital oscilloscope
(Hewlett-Packard HP 54200A) interfaced to a Hewlett-
Packard HP 9816 S computer. Signals were averaged over
16 shots and corrected for baseline variations. Kinetic
analyses of the decays were achieved by using exponential
curve fittings. The transient absorption spectra start changing
by repeating several times the measurements with the same
solution in the beginning of the experiments. Therefore, when
we write “after preirradiation” in laser flash photolysis
experiments described in the Results and Discussion, we
mean after we observed that the laser-induced transient
absorption spectra have become reproducible. Because it is
not possible to use the same irradiation conditions for the
pulsed laser experiments and the EPR measurements, this is
the only criteria that we could choose for the preirradiation
conditions in the laser flash photolysis experiments.

UV Spectroscopy Analysis of a Photolyzed [[Ru(bpz)3]2+-
Cu/Zn SOD] Solution.Photolysis experiments used a 250
W Oriel Hg lamp (Palaiseau, France) equipped with a cooling
water filter and an interference filter Oriel 436 nm FS 10-
50 (53% transmission, bandwidth of 11 nm). A solution
containing 0.26 mM [Ru(bpz)3]2+ and 0.26 mM Cu/Zn SOD
in an aqueous buffer of 10 mM TRIS/HCl and 10 mM NaCl
(pH 7.2) was saturated with argon and irradiated atλ ) 436
nm and 25°C. Ultraviolet-visible absorption spectra were
recorded on a Hewlett-Packard 8452 diode array spectro-
photometer at various times of irradiation

EPR Spectroscopy: EPR Setup.EPR spectra were col-
lected on a Bruker ESP 300E spectrometer equipped with a
frequency meter and a Bruker PT 1000 cryostat system
(spectral collection parameters are given in the captions of
the figures). The light source was a 250 W Oriel Hg lamp
(Palaiseau, France). The light was passed through a cooling
water filter and an Oriel WG 335 UV filter (Palaiseau,
France) at 3 mm (λ < 340 nm) and delivered via an optical
fiber to the grid of the cavity. In these experimental
conditions, samples were irradiated with a polychromatic
light absorbed by the MLCT band of [Ru(bpz)3]2+ and which
leads to a faster photoreactivity of [Ru(bpz)3]2+ with the Cu/
Zn SOD.

EPR Detection of [Ru(bpz)3] 1+ in the Presence of Cu/Zn
SOD.Samples contained 10-3 M [Ru(bpz)3]2+ (or 10-3 M
[Ru(bpy)3]2+) and 10-4 M Cu/Zn SOD in an aqueous buffer
of 10 mM TRIS/HCl and 10 mM NaCl (pH 7.2). The
solutions were saturated with argon, transferred into argon-
flushed EPR tubes, and frozen at 110 K. All measurements
were made under irradiation of frozen samples at 110 K and
λ > 340 nm.

EPR Detection of CuII in Cu/Zn SOD after Preirradiation
of a [[Ru(bpz)3]2+-Cu/Zn SOD] Solution.Irradiation condi-
tions used in preirradiation experiments were identical to
those described for the UV spectroscopy analysis of a
photolyzed [[Ru(bpz)3]2+-Cu/Zn SOD] solution. Samples
containing 10-4 M Cu/Zn SOD in an aqueous buffer of 10
mM TRIS/HCl and 10 mM NaCl (pH 7.2) were saturated
with argon and irradiated for 10 min atλ ) 436 nm and 25
°C, in the presence and absence of 10-3 M [Ru(bpz)3]2+.
After irradiation, the samples were immediately transferred
into argon-flushed EPR tubes, frozen at 110 K, and irradiated
at λ > 340 nm. EPR spectra were recorded on the frozen
solutions at 110 K upon irradiation.

Spin Trapping of Guanine and Adenine Radicals.Samples
contained 10-4 M [Ru(bpz)3]2+ or 10-4 M [Ru(bpy)3]2+, 10-3

M base pairs of [poly(dG-dC)]2 or [poly(dA-dT)]2, 10-4 M
Cu/Zn SOD, and 3 10-2 M PBN in an aqueous buffer of 10
mM TRIS/HCl and 10 mM NaCl (pH 7.2). The solutions
were saturated with argon and transferred into argon-flushed
quartz flat cells. EPR spectra were recorded in the dark at
room temperature after 30 s or 1 min of irradiation of the
samples atλ > 340 nm.

RESULTS AND DISCUSSION

Luminescence Quenchings of the bpz and bpy Complexes
with Cu/Zn SOD.To investigate the effect of Cu/Zn SOD
on the photochemistry of [Ru(bpz)3]2+, we examined the
possibility of luminescence quenching of the complex by
Cu/Zn SOD in comparison with [Ru(bpy)3]2+ in the same
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experimental conditions. The Stern-Volmer plot of theI0/I
data (Figure 1) for [Ru(bpz)3]2+ with Cu/Zn SOD clearly
shows a quenching of the excited metal complex by an
increased concentration of the enzyme.

The corresponding quenching rate constant (kq ) 4.7 ×
109 M-1 s-1) indicates efficient luminescence quenching,
facilitated by electrostatic interaction between the positively
charged RuII complex and the negatively charged Cu/Zn SOD
at physiological pH (42, 43). In contrast, the luminescence
of [Ru(bpy)3]2+ is not quenched by the protein.

Because the reduction potential of the Cu2+ form of Cu/
Zn SOD into the Cu1+ form is +160 mV versus SCE (44),
electron transfer is thermodynamically possible from the
excited bpz complex (estimated oxidation potential of-0.26
V versus SCE) (45) to the CuII enzyme. This process should
be more favorable with the excited [Ru(bpy)3]2+ (Eox* )
-0.80 V versus SCE) (45). However, strangely enough, there
is no quenching of the luminescence of [Ru(bpy)3]2+ by Cu/
Zn SOD. This strongly suggests that the Cu2+ in the active
site of the protein is protected from the excited [Ru(bpy)3]2+.
Indeed, because the Cu2+-binding site in each monomer of
the protein is located at the bottom of a narrow, positively
charged channel of approximately 12 Å (43, 46), its
accessibility to the RuII compound becomes rather problem-
atic, which might reasonably explain the absence of oxidative
luminescence quenching of excited [Ru(bpy)3]2+ by the
enzyme. If this is true, the quenching of [Ru(bpz)3]2+* by
Cu/Zn SOD should also be prevented. However, this is not
the case. Therefore, the quenching must be attributed to
another electron-transfer process. Actually, a reductive
quenching of the excited state of the bpz complex by the
polypeptide chain of the enzyme can also be considered.
Indeed, it has been shown that the excited3MLCT state of
oxidizing complexes such as [Ru(TAP)3]2+ and [Ru(TAP)2-
(phen)]2+ (TAP ) 1,4,5,8-tetraazaphenanthrene) can be
reduced by a few amino acids. Furthermore, it has been
demonstrated that the photoinduced electron-transfer process
toward this type of excited complex is accompanied by the
formation of an adduct between the reduced RuII species and
the oxidized amino acid (47). Because [Ru(TAP)3]2+ and
[Ru(bpz)3]2+ exhibit almost the same oxidizing power in the
excited state and because the enzyme contains at least one
of the most reducing amino acid residues (tryptophan/
tyrosine/histidine) on the protein surface (48), one might

reasonably think that the quenching of luminescence of the
bpz complex originates from an electron transfer from an
amino acid residue of the enzyme surface toward the excited
[Ru(bpz)3]2+.

Transients with [Ru(bpz)3] 2+ and [Ru(bpy)3] 2+ Formed in
the Presence of Cu/Zn SOD by Laser Flash Photolysis.The
existence of a photoinduced electron transfer from Cu/Zn
SOD to the excited [Ru(bpz)3]2+ can be demonstrated by
laser flash photolysis experiments. In the absence of Cu/Zn
SOD, the difference transient absorption spectrum of [Ru(b-
pz)3]2+ in water (Figure 2) shows a depletion in the 410-
470 nm region and a simultaneous growth of the absorption
below 400 nm.

This corresponds to the disappearance of the ground-state
complex because of the formation of the3MLCT excited
state, which absorbs at 370-380 nm and emits at around
600 nm. Both the depletion and the absorption decay
according to monomolecular processes, with the same rate
constant of 1.33× 106 s-1. The corresponding lifetime is
753 ns, in agreement with the value previously reported for
the emission decay in aqueous solution (760 ns) (16).

In contrast, in the presence of Cu/Zn SOD (6.3× 10-4

M, pH 7, argon-purged solution), two different types of
behavior are observed, depending upon the presence or
absence of a preirradiation of the system “bpz complex+
SOD” (the criteria of preirradiation are given in theLaser
Flash Photolysissection in the Experimental Procedures).

Ru(bpz)32+ + Cu/Zn SOD without Preirradiation of the
Solution. In experiments performed without preirradiation
of the solution, the difference transient absorption recorded
after the laser pulse in the presence of Cu/Zn SOD shows a
positive absorption at 500 nm, which decays in a few hundred
microseconds (Figure 3).

This behavior is completely different from that observed
in the absence of Cu/Zn SOD and demonstrates the existence
of a long-lived species. Unfortunately, because of the
relatively weak transient absorption, the whole transient
spectrum cannot be precisely recorded and a good kinetic
analysis of the data is difficult to obtain. However, the plot
of the inverse of the change in transient absorbance (1/∆Abs)
versus time gives a reasonably good linear relation. There-
fore, the transient species might decay according to a
bimolecular equimolecular process (inset in Figure 3) and

FIGURE 1: Stern-Volmer plot (I0/I versus [Cu/Zn SOD]) for the
quenching of luminescence of [Ru(bpz)3]2+ by Cu/Zn SOD.I0 )
intensity emission of [Ru(bpz)3]2+ in the absence of Cu/Zn SOD,
andI ) intensity of emission in the presence of Cu/Zn SOD (λexc
) 452 nm;λem ) 618 nm).

FIGURE 2: Difference transient absorption spectra for [Ru(bpz)3]2+

(3 × 10-5 M) in the absence of Cu/Zn SOD recorded 200, 500,
700, and 1500 ns after the laser pulse. All measurements were
performed in Ar-saturated aqueous solutions, with pulsed irradiation
at 355 nm.
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could be attributed to the presence of reduced [Ru(bpz)3]2+.
Indeed, when another experiment is performed in the
presence of guanosine 5′-monophosphate (GMP), which
efficiently reduces the3MLCT state of [Ru(bpz)3]2+ (16), a
transient absorption in the 460-580 nm region with a
maximum of around 490 nm is also detected (Figure 4).

This absorption is similar to the transient absorption
reported for other oxidizing complexes in the presence of
GMP (22) and is characteristic of the monoreduced complex
produced by process 1.

In addition, studies in the literature have shown that the
monoreduced [Ru(bpz)3]1+ complex can exhibit a long
lifetime when it is not reoxidized by oxygen or by the
oxidized reductant (49, 50). In the present case, the transient
absorption recorded at 500 nm decays in a few hundred
microseconds according to a bimolecular equimolecular
process (inset in Figure 4), confirming the disappearance of
the monoreduced complex according to reaction 2.

In conclusion, with [Ru(bpz)3]2+ in the presence of Cu/
Zn SOD, the transients could correspond to the reduced
complex and an oxidized SOD species. These results are in
agreement with the occurrence of a reductive quenching of
the excited [Ru(bpz)3]2+ by an amino acid of the protein
chain of the enzyme in the CuII form (reaction 3). Moreover,
the disappearance according to a bimolecular equimolecular
process is in agreement with the back electron-transfer
reaction 4.

[Ru(bpz)3] 2+ + Cu/Zn SOD after Preirradiation of the
Solution. The overall process described above for [Ru-
(bpz)3]2+ with the enzyme cannot easily explain the great
enhancement of the photonuclease activity of [Ru(bpz)3]2+

under illumination when Cu/Zn SOD is added to the medium,
as previously published (31, 41).

Actually, a further investigation by laser flash photolysis
experiments points to a more precise scheme for the
photoinduced processes that are taking place. When the
transient absorption spectra are recorded in the same condi-
tions but with preirradiated solutions (see criteria of preir-
radiation in the Experimental Procedures), a dramatic change
in transient behavior is observed, whereas there is no change
in the absence of Cu/Zn SOD. Two depletion bands are
clearly detected after the laser pulse: one around 400 nm
and the other above 600 nm (Figure 5).

Both depletion processes have recovered in a time scale
of the order of 15µs. St. Clair et al., who have studied the
spectroelectrochemistry of Cu/Zn SOD in its native Cu2+

form (44), have clearly shown that the Cu2+ enzyme absorbs
around 675 nm. Therefore, the depletion in the transient
spectrum in this wavelength region would correspond to the
disappearance of Cu2+ and the formation of Cu1+ (which
does not absorb at that wavelength) (44) at the active site of
the protein. The negative absorption around 400 nm should
be attributed not only to the depletion of the starting complex

FIGURE 3: Difference transient absorption decay (500 nm) for [Ru-
(bpz)3]2+ (1 × 10-5 M) in the presence of Cu/Zn SOD (6.3× 10-4

M) without preirradiation, under pulsed excitation (355 nm) in Ar-
saturated aqueous solutions. (Inset) Kinetic analysis, plot of [1/∆Abs
versus time (µs)] from transient absorption decay at 500 nm.

FIGURE 4: Difference transient absorption spectra for [Ru(bpz)3]2+

(1 × 10-5 M) in the presence of GMP (1× 10-2 M) measured 1,
5, 10, and 50µs after the laser pulse (355 nm) in Ar-saturated
aqueous solutions. (Inset) Kinetic analysis, plot of [1/∆abs versus
time (µs)] from transient absorption decay at 500 nm.

[Ru(bpz)3*]
2+ + GMP f [Ru(bpz)3]

1+ + GMP‚+

(1)

[Ru(bpz)3]
1+ + GMP‚+ f [Ru(bpz)3]

2+ + GMP (2)

FIGURE 5: Difference transient absorption spectra after preirradia-
tion of [Ru(bpz)3]2+ (1 × 10-5 M) in the presence of Cu/Zn SOD
(6.3 × 10-4 M) recorded 1, 2, 3, 5, 10, and 15µs after the laser
pulse (355 nm). All measurements were performed in Ar-saturated
aqueous solutions.

[Ru(bpz)3*]
2+ + CuII/Zn SODf

[Ru(bpz)3]
1+ + CuII/Zn SOD‚+ (3)

[Ru(bpz)3]
1+ + CuII/Zn SOD‚+ f

[Ru(bpz)3]
2+ + CuII/Zn SOD (4)
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but also to the concomitant formation of oxidized species,
possibly the oxidized complex [Ru(bpz)3]3+. RuIII species are
indeed known to absorb at around 390-450 nm, thus
approximately at the same wavelength as the starting
complex but with a smaller molar absorption coefficient
(ε420 nm≈ 3600 M-1 cm-1 for [Ru(bpz)3]3+) than that of the
corresponding RuII complex (ε420 nm≈ 11 500 M-1 cm-1 for
[Ru(bpz)3]2+) (51).

As mentioned above, this photoredox process, which is a
thermodynamically favorable electron transfer from the bpz
excited complex to CuII, is not observed without preirradia-
tion of the system “[Ru(bpz)3]2+-Cu/Zn SOD”. Therefore,
it is argued that, before the formation of RuIII , the photore-
duction of the complex by an amino acid of the protein chain
would modify the protein (reaction 5) in such a way that
the reduction of its CuII in the active site now becomes
possible (reaction 6). Reaction 5 would thus correspond to
a leak from the back electron transfer, i.e., reaction 4. Recent
data on other CuII proteins have shown that the reduction
potentials of their blue copper sites are modified either by a
site-directed mutation or by a structural protein constraint
(52). Unfortunately, on the basis of the present laser flash
photolysis data, the different processes that follow the first
redox reaction (reaction 3) cannot be more detailed.

On the other hand, there should be a leak to the back
electron transfer from CuI to RuIII formed by reaction 6, to
explain the behavior under continuous illumination of [Ru-
(bpz)3]2+ with Cu/Zn SOD. Figure 6 shows indeed a clear
decrease of absorption of the system complex/enzyme at 680
nm with the irradiation time, which could correspond to a
permanent disappearance of CuII, i.e., not entirely regenerated
by the reverse of reaction 6.

The fact that the CuII disappearance does not take place
under irradiation of [Ru(bpy)3]2+ in the presence of Cu/Zn
SOD (deoxygenated solution under argon) supports the need
for a first oxidation of the enzyme (reaction 3) to observe
the second electron transfer (reaction 6) by flash photolysis.

The production of [Ru(bpz)3]3+, which escapes the back
electron-transfer reaction of process 6, would explain the
enhancement of the photonuclease activity of [Ru(bpz)3]2+

in the presence of Cu/Zn SOD, because RuIII is an excellent
oxidizing agent of DNA guanine and adenine units (vide
infra).

[Ru(bpy)3] 2+ + Cu/Zn SOD (with or without Preirradia-
tion). In contrast to the above results, when the same laser
flash photolysis experiments are performed under argon with
[Ru(bpy)3]2+ in the presence of Cu/Zn SOD, the transient
spectra recorded after the laser pulse do not show any spectral
modifications, compared to the situation with the complex
in the absence of Cu/Zn SOD. The transient absorption
corresponds mainly to the depletion of the starting complex,
with a recovery time of 724 ns, in accordance with the
lifetime value measured for the luminescence lifetime of the
complex in deoxygenated water, i.e., 630 ns (45). This
confirms the need for the presence of a very oxidizing
complex in the excited state, such as [Ru(bpz)3]2+, to generate
a transient metallic reduced species. The absence of the
transient reduced complex with [Ru(bpy)3]2+ and Cu/Zn SOD
is, of course, in agreement with the absence of luminescence
quenching of [Ru(bpy)3]2+ by Cu/Zn SOD.

Study by EPR of the Transients Formed under Irradiation
of [Ru(bpz)3] 2+ in the Presence of Cu/Zn SOD.To test the
occurrence of a photoinduced electron transfer between [Ru-
(bpz)3]2+ and Cu/Zn SOD, EPR studies were carried out at
low temperature (110 K) in deoxygenated conditions upon
irradiation atλ > 340 nm. Before these experiments, there
was not a preirradiation of the solution at room temperature.
The EPR spectrum of the SOD in its CuII form and that of
the reduced complex was characterized first.

The Cu/Zn SOD (10-4 M in 10 mM TRIS/HCl, 10 mM
NaCl at pH 7.2, and an argon-purged solution) alone at 110
K produces an EPR signal (Figure 7a) typical of a type-II
copper in an axially symmetric ligand environment (square
planar or square pyramidal), attributed to the copper in the
Cu/Zn SOD enzyme (g⊥ ) 2.087,g| ) 2.274, andA|Cu )
137.3 G) (53).

To identify the EPR signal corresponding to [Ru(bpz)3]1+,
a reductive quenching of the excited [Ru(bpz)3]2+ (10-3 M;
10 mM TRIS/HCl, 10 mM NaCl at pH 7.2, and an argon-
purged solution) by potassium ferrocyanide [K4Fe(CN)6, 10-1

M] was performed first. Fe(CN)6
4- should indeed efficiently

quench the lowest3MLCT state of [Ru(bpz)3]2+ by electron
transfer with the formation of [Ru(bpz)3]1+ (45). Figure 7b
shows the EPR spectrum obtained after irradiation of the
complex at 110 K with this reductant; it has a Gaussian
constantg ) 2.0005. In comparison with published spectra
(54), this signal can clearly be assigned to [Ru(bpz)3]1+. No
EPR signal can be detected in the absence of light or by
omitting one of the two components, either the complex or
the quencher.

By irradiation at 100 K of the bpz complex (λ > 340 nm)
in the presence of SOD, two different EPR profiles can be
observed, depending upon the presence or absence of a
preirradiation at room temperature, as is the case in laser
flash photolysis experiments.

[Ru(bpz)3] 2+ + Cu/Zn SOD without Preirradiation of the
Solution at Room Temperature.A mixture of [Ru(bpz)3]2+

(10-3 M) + Cu/Zn SOD (10-4 M) immediately frozen after
preparation is irradiated for 10 min with a light source atλ

FIGURE 6: Absorbance at 680 nm of Cu/Zn SOD (0.26 mM) after
different irradiation times at 436 nm in a deaerated condition, (2)
without [Ru(bpz)3]2+ and (9) with [Ru(bpz)3]2+ at 0.26 mM.
Conditions of irradiation at 436 nm are described in the Experi-
mental Procedures.

CuII/Zn SOD‚+ f “modified” CuII/Zn SOD (5)

[Ru(bpz)3*]
2+ + “modified” CuII/Zn SODf

[Ru(bpz)3]
3+ + CuI/Zn SOD (6)
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> 340 nm. The EPR spectrum of the irradiated system
corresponds to the superposition of two signals (Figure 7c).
The first signal with a Gaussian constantg ) 2.0004 is
assigned to the monoreduced [Ru(bpz)3]1+. This result
supports the previous conclusion, i.e., the existence of a
reductive quenching of the excited [Ru(bpz)3]2+ by Cu/Zn
SOD (reaction 3). The second EPR signal can be attributed
to SOD still in the CuII state (g⊥ ) 2.087,g| ) 2.274, and
A|Cu ) 137.3 G), because it is identical in line, shape, and
intensity to that obtained for the enzyme in the absence of

[Ru(bpz)3]2+ (Figure 7a). Thus, the Cu2+/Zn SOD is not
converted into a silent EPR form, as would be expected if
Cu2+/Zn SOD were reduced to Cu1+/Zn SOD. Therefore,
these data for the complex and for Cu/Zn SOD are in
agreement with reaction 3 as described above.

When the same experiments are performed with [Ru-
(bpy)3]2+ and Cu/Zn SOD, no EPR signal corresponding to
the monoreduced [Ru(bpy)3]1+ is detected, also in agreement
with the previous conclusion, according to which no reduc-
tive quenching of the complex appears with the bpy
compound.

[Ru(bpz)3]2+ + Cu/Zn SOD after a Preirradiation at Room
Temperature.A solution containing [Ru(bpz)3]2+ (10-3 M)
and Cu/Zn SOD (10-4 M) is preirradiated for 10 min at 436
nm and 25 °C (see conditions of preirradiation in the
Experimental Procedures). After the solution was frozen at
110 K, the EPR spectrum under irradiation atλ > 340 nm
(Figure 8b) shows the absence of the signal characteristic
of [Ru(bpz)3]1+ and a sharp decrease in the intensity of the
signal corresponding to Cu2+/Zn SOD (Figure 8a), without
a change in the line shape.

This can be attributed to the conversion of Cu2+/Zn SOD
into Cu1+/Zn SOD, in accordance with the flash photolysis
results (Figure 5) and the disappearance of Cu2+/Zn SOD
with the irradiation time of [Ru(bpz)3]2+ (Figure 6). As
proposed above, the reduction of Cu2+/Zn SOD to Cu1+/Zn
SOD could result from an oxidative quenching of the excited
[Ru(bpz)3]2+ (after a preirradiation), leading to the formation
of the RuIII species. Because the complex in the RuIII state
is EPR-silent, these experiments cannot confirm its presence.
However, as described below, indirect arguments in favor
of its appearance can be obtained.

Spin Trapping of the Guanine and Adenine Radicals.In a
previous work, we showed that the yield of alkali-labile
damage generated by the excited [Ru(bpz)3]2+ selectively in
guanine in 5′ of the 5′-GG-3′ site is increased by the addition
of Cu/Zn SOD to the reaction medium (31). This sequence
selectivity is the signature of an electron-transfer process with
the formation of an oxidized guanine radical (55). Actually,
the formation of the RuIII species, as proposed above, might

FIGURE 7: EPR spectra of a frozen solution of (a) Cu/Zn SOD
(10-4 M), (b) [Ru(bpz)3]2+ (10-3 M) irradiated in the presence of
K4Fe(CN)6 (10-1 M), and (c) [Ru(bpz)3]2+ (10-3 M) irradiated in
the presence of Cu/Zn SOD (10-4 M). Irradiation conditions: argon-
purged solutions frozen at 110 K and irradiated fort ) 10 min at
λ > 340 nm.

FIGURE 8: (a) Same as Figure 7a, i.e., EPR spectrum of a frozen
solution at 110 K of Cu/Zn SOD (10-4 M). (b) EPR spectrum of
[Ru(bpz)3]2+ (10-3 M) with Cu/Zn SOD (10-4 M) in a 10 mM
TRIS/HCl buffer at pH 7.2 and 110 K after 10 min of irradiation
at λ > 340 nm and after a 10 min preirradiation under argon at
436 nm at room temperature.
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explain this increased oxidation, because in addition to the
RuII excited species, RuIII can also oxidize guanine. There-
fore, spin-trapping experiments of the guanine radical were
performed to confirm this hypothesis. However, because both
the excited bpz RuII species and the ground-state bpz RuIII

are able to oxidize the guanine units, comparisons needed
to be performed on the “complex+ DNA” system with and
without Cu/Zn SOD.

Spin-trapping experiments were carried out using PBN as
a spin trap, which was shown to be appropriate for studying
the formation of the guanine radicals in DNA under
irradiation (56). This spin-trap compound is stable under the
irradiation conditions of this work (data not shown). Thus,
a solution of [Ru(bpz)3]2+ (10-4 M), containing [poly(dG-
dC)]2 (10-3 M in base pairs, in 10 mM TRIS/HCl, 10 mM
NaCl at pH 7.2, and an argon-purged solution) and PBN (3
10-2 M), at first without Cu/Zn SOD, was irradiated at room
temperature for 1 min atλ > 340 nm. The spectrum (Figure
9) recorded in the dark yielded the following parameters:
aN ) 16.2 ,aH ) 3.54, andg ) 2.0058 and corresponded
closely to that assigned by Schiemann et al. to the trapping
of the guanine radical with PBN. As expected for such
species (56), the signal is stable for a few hours in the dark.
The formation of the adduct PBN-guanine cation radical
may result from the addition of the nitrone on the C4 or C5

sites of the guanine ring. These positions correspond to
tautomeric carbon-centered radicals of the deprotonated
guanine cation radical, which arise from the oxyl intermediate
radical (57). In this case, the guanine radicals could stem
from the one-electron oxidation of the guanine units by the
excited bpz complex. Interestingly, the addition of Cu/Zn
SOD (10-4 M) to the reaction mixture led to a 2-fold increase
in the signal attributed to the spin trapping of the guanine
radical by PBN, after 1 min of irradiation.

This clearly indicates an enhancement of the guanine
oxidation by electron transfer in the presence of Cu/Zn SOD.
This conclusion is compatible with the appearance of the
RuIII species (after a certain illumination time of the bpz RuII

complex) able to oxidize guanine (reaction 7).

Moreover, because the RuIII species [E°(Ru3+/Ru2+) )
+1.86 V versus SCE in CH3CN) (45) is not only capable of
oxidizing the guanine but also the adenine units [E°(A‚+/A)
) +1.79( 0.02 V versus SCE] (19) via an electron-transfer
process, spin-trapping experiments were also performed with
[poly(dA-dT)]2 (10-3 M in base pairs; 10 mM TRIS/HCl,
10 mM NaCl at pH 7.2, and an argon-purged solution) in
the presence of PBN (3× 10-2 M) as a spin trap. In the
absence of Cu/Zn SOD, no EPR signal was detected, and
indeed, excited [Ru(bpz)3]2+ (E°(Ru2+*/Ru1+) ) +1.45 V
versus SCE in CH3CN) (45) cannot oxidize adenine.
However, after the addition of the Cu/Zn SOD and irradia-
tion, an EPR signal (Figure 10) was detected with the
following coupling constants:g ) 2.0057,aN ) 16.13, and
aH ) 3.63. Moreover, the arrows in Figure 10 identify the
presence of additional lines, which are not observed on the
EPR spectrum of the PBN-guanine radical adduct. These
additional lines may be attributed to the presence of a
nitrogen radical adduct as proposed in the literature (58).
This result tends to show that the spin-trap agent PBN may
bind on the N6-centered, aniline-type adenine cation radical
(59) which is the most stable tautomer of the adenine cation
radical in aqueous solution (60).

This spectrum can be attributed to the trapping of the
adenine cation radical by PBN and is stable for a few hours

FIGURE 9: EPR spectra recorded in the dark for the spin-trapped
guanine radicals produced by irradiation of [Ru(bpz)3]2+ with [poly-
(dG-dC)]2 in the absence (a) and presence (b) of Cu/Zn SOD. An
argon-purged solution containing [Ru(bpz)3]2+ (10-4 M), [poly-
(dG-dC)]2 (10-3 M in base pairs), and PBN (3× 10-2 M) in 10
mM TRIS/HCl buffer at pH 7.2 irradiated atλ > 340 nm for 1
min at room temperature. Cu/Zn SOD was used at the concentration
of 10-4 M.

FIGURE 10: EPR spectra of the spin-trapped adenine radicals
recorded in the dark and produced by irradiation of [Ru(bpz)3]2+

and [poly(dA-dT)]2 in the absence (a) and presence (b) of Cu/Zn
SOD (10-4 M). An argon-purged solution containing [Ru(bpz)3]2+

(10-4 M), [poly(dA-dT)]2 (10-3 M in base pairs), and PBN (3×
10-2 M) in 10 mM TRIS/HCl buffer at pH 7.2 irradiated atλ >
340 nm for 1 min at room temperature.

[Ru(bpz)3]
3+ + G f [Ru(bpz)3]

2+ + G‚+ (7)
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in the dark. Thus, this one-electron oxidation of adenine is
in agreement with the photoproduction of the RuIII species.

When the same EPR experiments were carried out with
[Ru(bpy)3]2+ and [poly(dG-dC)]2 or [poly(dA-dT)]2, no signal
was detected in the absence or presence of Cu/Zn SOD. This
means that no bpy RuIII species was produced, because it
would then have been able to thermodynamically oxidize
the guanine and adenine units. This result supports the
hypothesis of the need for prior reductive quenching of the
excited Ru complex (possible with the bpz but not with the
bpy compound), to have access (after modification of the
enzyme) to the reducible CuII in the active site of the enzyme.

CONCLUSION

This work was motivated by the previous, intriguing
observation in which the DNA photodamage and guanine
oxidation induced by excited [Ru(bpz)3]2+ was increased in
the presence of Cu/Zn SOD. The results of this work show
that at least two successive electron-transfer processes could
be involved and could account for this observation.

First, a reductive quenching of the excited [Ru(bpz)3]2+,
probably by the external peptidic chain of Cu/Zn SOD,
generates the monoreduced [Ru(bpz)3]1+ (reaction 3). Be-
cause of its high oxidizing power, the excited [Ru(bpz)3]2+

could indeed oxidize amino acids such as tyrosine and
tryptophan (61). The resulting reduced [Ru(bpz)3]1+ gives
rise to a back electron-transfer process (reaction 4). However,
in competition with this process, other reactions could take
place, as follows: (i) the photoadduct of the complex, for
example, with tryptophan as recently shown for the com-
pounds [Ru(TAP)3]2+ and [Ru(TAP)2phen]2+, could be
formed on the SOD surface (47). These TAP complexes,
which have approximately the same oxidizing power in the
3MLCT as excited [Ru(bpz)3]2+, have indeed been shown
to be able to oxidize tryptophan, with the formation of an
adduct of the complex to the amino acid. (ii) Formation of
protein dimers or protein aggregates via the production of
intermediate radicals may also be possible (62). These
reactions might induce sufficient structural changes in the
enzyme to subsequently allow for the access of the complex
to the redox site of the enzyme. Therefore, after the first
photoprocess, the excited complex would be able to reduce
the CuII in the active site of the protein (reaction 6). During
this second step, Cu1+/Zn SOD and mono-oxidized [Ru-
(bpz)3]3+ are generated. It is well-known that the [Ru(bpz)3]3+

species (escaped from the back electron transfer) can oxidize
guanine and adenine units, which explains the increase in
oxidized nucleotides in the presence of Cu/Zn SOD (reaction
7). Because the first step (reaction 3) is not possible with
the bpy complex, no increase in nucleobase oxidation is
observed by the addition of Cu/Zn SOD to the “[Ru(bpy)3]2+

and DNA” system under irradiation. The proposed mecha-
nism for the photoredox process occurring when [Ru(bpz)3]2+

is irradiated in the presence of Cu/Zn SOD has important
biological implications. Indeed, recent studies have shown
that SOD can be a suitable target for the selective elimination
of cancer cells (63). The survival of malignant cells strongly
depends upon the presence of active SOD, because these
cells produce many superoxide anions. Thus, inhibition of
the SOD enzyme causes an accumulation of superoxide
anions and subsequent cell death by apoptosis (59). The

photoinduced structural alterations of the Cu/Zn SOD enzyme
as proposed in this work could thus lead to its inactivation,
accompanied by possible interesting effects in connection
with cancer therapy.
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