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ABSTRACT:

The DNA cleavage activity of the iron(II) complex of the ligand N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine (N4Py)
was investigated in the presence of the chromophores 1,8-naphthalimide (NI) and 9-aminoacridine (AA) under photo irradiation at
355 and 400.8 nm and compared to the activity of the complex without the chromophores. Whereas in most cases no synergistic
effect of the added chromophores on DNA cleavage efficiency was observed, it was found that for Fe(II)N4Py, in combination with
NI under irradiation at 355 nm, the DNA cleavage activity was increased. Surprisingly, it was found that the addition of reactive
oxygen species (ROS) scavengers gave rise to significantly increased DNA cleavage efficiency, which is a highly counterintuitive
observation since ROS are needed to achieve DNA cleavage. A hypothesis is put forward to explain, at least partly, these results. It is
proposed that the addition of scavengers inhibits quenching of 3NI*, thus making photo-induced electron transfer between 3NI* and
Fe(III)N4Py more efficient. This results in reduction of Fe(III)N4Py to Fe(II)N4Py, which can then react with ROS giving rise to
DNA cleavage. Hence the role of the scavengers is to maintain a close to optimal concentration of ROS. The present study serves as
an illustration of the care that needs to be exercised in interpreting the results of experiments using standard ROS scavengers, since
especially in complex systems such as presented here they can give rise to unexpected phenomena. In the presence of 1,8-
naphthalimide or 9-aminoacridine, ROS scavengers can increase the DNA cleavage efficiency of Fe(II)N4Py complex under photo
irradiation.

’ INTRODUCTION

The pentadentate ligand N,N-bis(2-pyridylmethyl)-N-bis(2-
pyridyl)-methylamine (N4Py, Chart 1) was designed and synthe-
sized as a mimic of the metal-binding domain of the bleomycins
(BLMs), a family of natural antibiotics clinically used in the
treatment of certain cancers, e.g., cancers of the cervix, head,
neck, and testicles.1�4 As both a structural and functional model
of Fe(II)-BLM, the Fe(II)N4Py complex is capable of inducing
DNA strand breaks efficiently with molecular oxygen as the
terminal oxidant, even in the absence of an external reducing
agent.5 A structural analogue of ‘activated BLM’, i.e., the N4Py-
Fe(III)-OOH intermediate, has been proposed as the active
species or precursor in DNA cleavage.5f

We recently reported that the DNA cleavage activity of
Fe(II)N4Py complexes is increased substantially by photo irradiation,

which is dependent on the structural characteristics of the
complexes and the wavelength and intensity of irradiation.5g

Mechanistic investigations have revealed that the reactive oxygen
species (ROS) O2

•�, 1O2, and HO• contribute to the photo-
enhanced DNA cleavage activity and that their relative contribu-
tion is dependent on the irradiation wavelength.5g The origin of
the increase in activity is proposed to be mainly the photo-
enhanced formation of N4Py-Fe(III)-OOH.5g

The DNA binding moieties introduced to the N4Py ligand
covalently in our previous study, i.e., 1,8-naphthalimide (NI) and
9-aminoacridine (AA) (Chart 1), are well-known photo sensiti-
zers capable of DNA photo cleavage, in which photo-induced
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electron transfer (PET) plays a key role.6 The presence of these
chromophores could further enhance the DNA cleavage activity
of Fe(II)N4Py under photo irradiation, by PET. Furthermore,
the activity of Fe(II)N4Py could be selectively sensitized by NI
and AA at various wavelengths due to the differences in their
UV�vis absorption spectra. We report here on the effect of
the presence of NI and AA on the DNA cleavage activity of
Fe(II)N4Py under photo irradiation in aerobic conditions, in
the absence of reducing agents. The mechanism of the DNA
cleavage process was investigated by employing a series of
reactive oxygen species (ROS) scavengers as mechanistic probes,
which resulted, unexpectedly, in enhancement of DNA cleavage
activity.

’EXPERIMENTAL SECTION

Materials and Instrumentation. All reagents and solvents were
used as purchased without further purification unless noted otherwise.
NI and AA were purchased from Sigma-Aldrich and purified by
crystallization from MeOH and Et2O. [Fe(II)(N4Py)(CH3CN)]-
(ClO4)2 3 2H2O was synthesized according to literature procedures,
and all data are in agreement with those reported.5a UV�vis absorp-
tion spectra were recorded using 1, 5, or 10 cm path length quartz
cells on a JASCO V-660 spectrophotometer. Absorption maxima are
(2 nm, and molar absorptivities are (5%. All spectra were recorded
at 20 �C. Photo irradiation was performed by using continuous wave
(CW) lasers (400.8 nm, 50 mW at source, PowerTechnology;
355 nm, 10 mW at source, Cobolt). The power at the sample was
determined using the quantum counter ferrioxalate and verified using
a power sensor (PM10 V1, with a FieldMate Laser Power Meter,
Coherent).

pUC18 plasmid DNA, isolated from Escherichia coli XL-1-blue,
was purified using QIAGEN maxi kits. Concentrations were deter-
mined by the absorption at 260 nm using a NanoDrop 1000 spectro-
photometer (Thermo Scientific). Restriction enzymes and restriction
buffers were purchased from New England Biolabs (NEB). DNA
ladder (SmartLadder, 0.2�10 kbp) was purchased from Eurogentec.
Catalase (from bovine liver) and superoxide dismutase (SOD, from
bovine erythrocytes) were purchased from Sigma-Aldrich. Agarose
used for the gel electrophoreses was purchased from Invitrogen.
Pictures of the gel slabs were taken with a Spot Insight CCD camera
using the software program Spot version 3.4. The intensity of the
bands on the film was quantified by using the software program Gel-
Pro Analyzer version 4.0. Statistical calculations were performed
using Mathematica version 7.01.
Determination of Irradiation Power. The iron(III) oxalate/

phenanthroline actinometer system was used to determine the light flux
(R) of irradiation.7 The power (P) at the sample was calculated using
eq 1, in which Ep is the energy of one photon, p is Planks constant
(6.626� 10�34 Js), c is the speed of light (3.0� 108 ms�1), and λ is the
wavelength of light source (355 and 400.8 nm). The values of power
determined by actinometry are in a good agreement with that measured

by using the power sensor. Detailed information of the actinometry is
provided as Supporting Information.

P ¼ EpR ¼ pc
λ
R ð1Þ

DNA Cleavage Experiments. [Fe(II)(N4Py)(CH3CN)](ClO4)2 3
2H2O was dissolved in H2O, and 0.5% v/v DMF was used to aid the
dissolution ofNI andAA inH2O. The respective solutions were added to
a buffered solution (10 mM of Tris-HCl, pH of 8.0) of supercoiled
pUC18 plasmid DNA in 1.5 mL of eppendorfs. (The final concentration
of DMF in the reaction solution was <0.05%.) The reaction solutions,
with a final volume of 50 μL and a final concentration of 1.0 μM iron(II)
complex and 0.1 μg μL�1 DNA (150 μM in base pairs), with or without
1.0 or 5.0 μMNI and AA, were incubated at 37 �C in the dark under laser
irradiation at 400.8 or 355 nm. For comparison, experiments were
performed under ambient lighting, which gave the same results as
experiments performed in the dark (data not shown).

Samples (2 μL) were taken from the reaction solutions after 30 min
and quenched by addition to 15 μL of a NaCN solution (1 mg mL�1,
containing 2040 equiv of NaCN with respect to Fe(II)N4Py) with 3 μL
of loading buffer (consisting of 0.08% bromophenol blue and 40%
sucrose, 6 � conc.) and immediately frozen in liquid nitrogen. The
samples were run on 1.2% agarose gels in 1�Tris-acetate-EDTA (TAE)
buffer for at least 90 min at 70 V. Gels were stained in an ethidium
bromide (EtBr) bath (1.0 μgmL�1) for 45min and thenwashed with gel
running buffer. Quantification was performed by fluorescence imaging,
and a correction factor of 1.31was used to compensate for the reduced EtBr
uptake capacity of supercoiled plasmid pUC18 DNA.5d All data are the
average of cleavage experiments that were performed at least in triplicate.
Quantification of ssc and dsc.The average number of single- (n)

and double-strand cuts (m) in a DNA molecule was calculated using
both eqs 2 and 3, in which fIII and fI is the fraction of linear DNA and
supercoiled DNA, respectively.8 Equation 4 is the Freifelder�Trumbo
relationship,9 in which h is the maximum distance in base pairs between
nicks on opposite strands to generate a double strand cut (i.e., 16), and L
is the total number of base pairs of the DNA used (2686 bp for pUC18
plasmid DNA). Uncertainties in the values ofm and nwere calculated by
a Monte Carlo simulation as described previously.5d

fIII ¼ m� e�m ð2Þ

fI ¼ e�ðm þ nÞ ð3Þ

m ¼ n2ð2h þ 1Þ
4L

ð4Þ

Chart 1. N4Py, NI, and AA

Figure 1. UV�vis absorption spectra of NI (red line), AA (blue line),
and Fe(II)N4Py (black line).
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’RESULTS AND DISCUSSION

On the basis of the UV�vis absorption spectra of Fe(II)N4Py,
NI, and AA (Figure 1), the wavelengths 355 and 400.8 nm were
selected for photo irradiation in the DNA cleavage studies. In
aqueous solution, the acetonitrile ligand of [Fe(II)(N4Py)-
(CH3CN)](ClO4)2 3 2H2O is displaced by a water molecule.
This is demonstrated by 1H NMR studies5b and cyclic voltam-
metry, which shows a shift of the oxidation potential from
1010 mV in acetonitrile5c to 50 mV vs SCE in aqueous
solution (Figure S7, Supporting Information). From both
UV�vis spectroscopy and cyclic voltammetry (Figures S5 and
S6, Supporting Information) it is apparent that adduct formation
between Fe(II)N4Py and NI or AA or other additives such
as Tris buffer, dimethyl sulfoxide (DMSO), or NaN3 does
not occur.
DNA Cleavage. The DNA cleavage activities of the individual

components, i.e., Fe(II)N4Py, NI, and AA, as well as the
combination of Fe(II)N4Py with either NI or AA were investi-
gated in the cleavage of supercoiled pUC18 (0.1 μg μL�1,
150 μM bp) in 10 mM Tris-HCl buffer (pH of 8.0) at 37 �C in
the absence of reducing agent over 30 min under laser irradiation
at 355 (2.6) and 400.8 nm (1.2 mW), respectively. All of the
experiments were carried out at least in triplicate independently.
Figure 2 and Table S1, Supporting Information, compare the

DNA cleavage induced by 1 μM of Fe(II)N4Py and the
combination of 1 μM of Fe(II)N4Py and 1 or 5 equiv of NI or
AA under ambient lighting and with irradiation at 355 and
400.8 nm, by indicating the amounts of cleaved supercoiled
DNA after 30 min.10

DNA Cleavage Efficiency of Fe(II)N4Py, NI, and AA. In the
control experiment, i.e., in the absence of Fe(II)N4Py and
chromophores, DNA cleavage was not observed under either
ambient lighting or photo irradiation. One μM Fe(II)N4Py
induced significant amounts of supercoiled DNA cleavage under
irradiation at both 355 (47 ( 12%) and 400.8 nm (37 ( 5%
conversion). More efficient DNA cleavage is observed with
irradiation than under ambient lighting conditions (17 ( 2%
conversion), consistent with our previous report.5g

Under ambient lighting conditions, both NI and AA did not
cause DNA cleavage within 30 min. At 355 nm, where NI has a
strong absorption at 355 nm (ε = 1.16 � 104 M�1 cm�1), 15(
3% of substrate supercoiled DNA was cleaved by 1 μM of NI,
which was increased to 30 ( 2% with 5 μM of NI. Under
irradiation at 400.8 nm, whereNI does not absorb, DNA cleavage
was not observed with NI only.
With AA, which has only a weak absorption at 355 nm (ε =

0.18 � 104 M�1 cm�1), less than 2% of DNA cleavage was
observed with irradiation at 355 nm. At 400.8 nm, where AA has a
moderate absorption (ε = 0.92 � 104 M�1 cm�1), 5 ( 3% of
supercoiled DNA was cleaved with 1 μM of AA, which increased
to 35 ( 13% at 5 μM concentration.
DNA Cleavage Efficiency of Fe(II)N4Py Combined with NI.

Under ambient lighting, comparable amounts of supercoiled
DNA were cleaved by 1 μM Fe(II)N4Py alone and 1 μM
Fe(II)N4Py combined with 1 and 5 equiv of NI as well as under
photo irradiation at 400.8 nm (Figure 2). At 355 nm (Figure 2),
1 μM Fe(II)N4Py with 1 equiv of NI induced the cleavage of 60
( 4% supercoiled DNA within 30 min, which is in the range of
that observed without NI (47 ( 12%) within experimental
uncertainty. Combined with 5 equiv of NI, a higher DNA
cleavage efficiency was observed for 1 μM of Fe(II)N4Py: 92
( 7% of supercoiled DNA was cleaved, which is the sum of the
DNA cleavage efficiency of 1 μM of Fe(II)N4Py (60( 4%) and
5 μM of NI (30 ( 2%). However, in contrast to the cases with
Fe(II)N4Py or NI alone, 12% of linear DNA was also formed.
The linear DNA may be produced by both single- and double-
strandDNA cleavage processes.8 Statistical analysis indicates that
0.13 double-strand cuts (m) occurred for every 2.5 single-strand
cuts (n) on one DNA molecule (Figure S3, Supporting In-
formation), which is significantly larger than the theoretical value
of m = 0.019 for a pure single-strand DNA cleavage process, as
calculated from the Freifelder�Trumbo relationship.9 Thus, at
355 nm direct double-strand DNA cleavage took place also in
addition to single-strand DNA cleavage. Combined this indicates
that at this wavelength, there is a substantial synergistic effect of
Fe(II)N4Py and 5 equiv of NI. In contrast, at 400.8 nm no

Figure 2. DNA cleavage at 30 min under ambient lighting (white bars), photo irradiation at 355 nm (2.6 mW) (blue bars), and 400.8 nm
(1.2 mW) (purple bars). *Linear DNA was also formed.
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significant synergistic effect was observed from the combination
of Fe(II)N4Py and NI.
DNA Cleavage Efficiency of Fe(II)N4Py Combined with AA.

Under both ambient lighting and irradiation at 355 and
400.8 nm, 1 μM Fe(II)N4Py alone and 1 μM Fe(II)N4Py
combinedwith 1 and 5 equiv of AA induced comparable amounts
of DNA cleavage. Thus the presence of AA did not influence the
observed DNA cleavage efficiency of 1 μM of Fe(II)N4Py under
these conditions.
ROS Involved in DNA Cleavage. A series of mechanistic

probes was employed, including NaN3, which is a known singlet
oxygen (1O2) scavenger,

11 DMSO,12 which acts as a hydroxyl
radical (HO•) scavenger, a combination of SOD, which dispro-
portionates superoxide radicals (O2

•�) into O2 and H2O2,
13 and

catalase, which disproportionates H2O2 into O2 and H2O,
14 to

investigate the ROS involved in the DNA cleavage process.
Addition of DMSO or NaN3 does not result in a change in the
redox properties of Fe(II)N4Py or Fe(III)N4Py, which indicates
that they do not displace the bound water ligand (Figure S6a and
b, Supporting Information). The effect of scavengers on the frac-
tion of cleaved supercoiled DNA (%) is shown in Figures 3�6.
Effect of ROS Scavengers on DNA Cleavage with Fe(II)N4Py.

As reported previously, in the absence of photo irradiation, NaN3

and DMSO did not affect the DNA cleavage efficiency of
Fe(II)N4Py, while SOD combined with catalase showed sub-
stantial inhibition (Figure 3). This indicates that 1O2 andHO

• do
not play an important role in DNA cleavage, while O2

•� is a
major contributor.5g Under photo irradiation, all three scaven-
gers inhibited the DNA cleavage activity of Fe(II)N4Py alone
(Figure 3), as indicated by the smaller amounts of supercoiled
DNA cleaved, suggesting that 1O2, O2

•�, and HO• contribute to
the DNA cleavage observed.5g

Effect of ROS Scavengers on DNA Cleavage with NI and AA.
Five μMNI in combination with the mechanistic probes did not
induce DNA cleavage under ambient lighting and photo irradia-
tion at 400.8 nm (Figure 4a). At 355 nm, 5 μM of NI induced
30 ( 2% DNA cleavage within 30 min, which was not signifi-
cantly altered by addition of either NaN3 or DMSO. In contrast,
SOD combined with catalase increased the DNA cleavage
efficiency of NI substantially, with >60% of substrate supercoiled
DNA being cleaved (Figure 4a), indicating that scavenging of
O2

•� andH2O2 has a significant enhancing effect onDNA cleavage.
It has been reported that radicals derived from quenching of the
triplet state of NI derivatives (3NI*) by ground-state chromo-
phores are more effective in cleaving DNA than reactive oxygen

species, albeit that this is proposed to proceed mainly via
nucleobase oxidation.15 Without scavengers, O2

•� may quench
3NI*. By scavenging O2

•�, more 3NI* would be available in the
solution for reaction with DNA. This would explain the significant
increase in DNA cleavage achieved by adding SOD and catalase.
In the presence of 5 μM of AA, DNA cleavage was not

observed at 30 min under ambient lighting and irradiation at
355 nm with any of the three ROS scavengers (Figure 4b). At
400.8 nm, 5 μM of AA alone induced 35 ( 13% DNA cleavage,
whereas 22 ( 1 and 30 ( 2% DNA cleavage was observed by
adding NaN3 and DMSO, respectively (Figure 4b), indicating
the quenching of 1O2 and HO

• are not of significant importance
in DNA cleavage by AA. By adding SOD and catalase, 5 μM of
AA induced slightly more DNA cleavage (54( 4%) (Figure 4b).
Effect of ROS Scavengers on DNA Cleavage with Fe(II)N4Py/

NI. As indicated above, 1 μM of Fe(II)N4Py with 5 μM of NI
together induced the formation of linear DNA under photo
irradiation at 355 nm within 30 min. To allow for comparison, in
addition to the amounts of cleaved supercoiledDNA (Figure 5a),
the amounts of linear DNA (Figure 5b) and the calculated values
of single- (n) and double-strand cuts (m) per DNA molecule
(Figure 5c) are shown also.
Under ambient lighting, the presence of 5 equiv of NI did not

affect the DNA cleavage efficiency of 1 μM if Fe(II)N4Py (Figure 2).
As expected, the same patterns of inhibition of ROS scavengers were
observed for Fe(II)N4Py/NI and Fe(II)N4Py (Figures 5a and 3),
i.e., NaN3 and DMSO did not affect DNA cleavage efficiency,
while SOD combined with catalase showed strong inhibitory effect.
At 355 nm, where the presence of 5 μM of NI increased the

DNA cleavage efficiency of Fe(II)N4Py, NaN3 did not inhibit

Figure 3. DNA cleavage at 30 min by 1 μMFe(II)N4Py under ambient
lighting (white bars), photo irradiation at 355 nm (2.6 mW) (blue bars),
and 400.8 nm (1.2 mW) (purple bars).

Figure 4. DNA cleavage at 30 min under ambient lighting (white bars),
under photo irradiation at 355 nm (2.6 mW) (blue bars), and 400.8 nm
(1.2 mW) (purple bars) by (a) 5 μM NI and (b) 5 μM AA. *Accurate
quantification was not possible because of extensive DNA strand
cleavage resulting in smearing on the gel. Therefore, the solid bar
represents the lower limit of DNA cleavage.
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DNA cleavage by Fe(II)N4Py/NI: 90 ( 4% supercoiled DNA
cleavage and a m of 0.12 ( 0.04 (Figure S3, Supporting
Information) was found in the presence of NaN3, compared to
92( 6% (Figure 5) and am value of 0.14( 0.04 in the absence of
NaN3 (Figure S3, Supporting Information, 9). This indicates
that the quenching of 1O2 did not affect the observed DNA
cleavage efficiency of Fe(II)N4Py/NI (Figure 3).
Surprisingly, by adding DMSO or SOD plus catalase the

observed DNA cleavage efficiency of Fe(II)N4Py/NI was sig-
nificantly increased. With DMSO, 100% of supercoiled DNAwas
cleaved and more than 37% linear DNA was formed, which is
beyond the limit of accurate quantification.5d Therefore, the

numbers representing the lower limit of DNA cleavage efficiency
are shown in Figure 5b and c. By adding SOD with catalase, the
substrate supercoiled DNA was also consumed completely. As
indicated in Figure 5c, SOD with catalase together promoted the
DNA cleavage efficiency of Fe(II)N4Py/NI from n = 2.5( 0.5 to
10.7( 0.5. A notable observation is that upon addition of DMSO
or SOD plus catalase, the formation of linear DNA was inhibited
completely, i.e., scavenging of HO• or O2

•� andH2O2 results in a
substantial reduction in the double-strand cleavage activity.
At 400.8 nm a somewhat different pattern was observed. The

presence of 5 equiv of NI did not affect the observed DNA
cleavage activity of 1 μM of Fe(II)N4Py (Figure 2). By adding
NaN3 and DMSO, the conversion of supercoiled DNA by
Fe(II)N4Py/NI was increased from 33 ( 4 to 50 ( 8 and

Figure 5. Under ambient lighting (white bars), photo irradiation at
355 nm (2.6mW) (blue bars), and 400.8 nm (1.2mW) (purple bars) for
1 μM of Fe(II)N4Py + 5 μM of NI at 30 min: (a) amounts of cleaved
supercoiled DNA; (b) amounts of formed linear DNA; (c) the calcu-
lated average numbers of single-strand cuts per DNA molecule (n) for
DNA cleavage; and insert: the calculated average numbers of double-
strand cuts (m) per DNAmolecule. *More than 37% of linear DNA was
formed, which exceeded the limit of accurate quantification.5d Presented
in (b) is the highest detectable amounts of linear DNA (37%), which
represents the lower limit of the amount of linear DNA formed, and the
solid bar presented in (c) is the lower limit of the calculated value of n.

Figure 6. Under ambient lighting (white bars), photo irradiation at
355 nm (2.6mW) (blue bars), and 400.8 nm (1.2 mW) (purple bars) for
1 μM of Fe(II)N4Py plus 5 μM AA at 30 min: (a) amounts of cleaved
supercoiled DNA; (b) amounts of formed linear DNA; (c) the calcu-
lated average numbers of single-strand cuts per DNA molecule (n) for
DNA cleavage; and insert: the calculated average numbers of double-
strand cuts (m) per DNA molecule.
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70( 4% (Figure 5a), respectively. However, SOD together with
catalase inhibited DNA cleavage, i.e., only 19 ( 2% cleavage of
supercoiled DNA was found (Figure 5a), which is in contrast to
that observed at 355 nm.
Effect of ROS Scavengers on DNA Cleavage with Fe(II)N4Py/

AA. Under ambient lighting as well as under photo irradiation at
355 or 400.8 nm, 1 μM of Fe(II)N4Py combined with 5 μM
of AA showed comparable DNA cleavage efficiency compared to
1 μM of Fe(II)N4Py alone (Figure 2). Without irradiation, as
expected, the same patterns of inhibition by ROS scaven-
gers were observed for Fe(II)N4Py/AA and Fe(II)N4Py alone
(Figures 6a and 3), i.e., quenching of 1O2 and HO

• did not affect
DNA cleavage, and quenching of O2

•� resulted in a significant
decrease in DNA cleavage efficiency.
At 355 nm, by adding NaN3 or DMSO, the observed DNA

cleavage of Fe(II)N4Py/AAwas increased from 54( 5 to 84( 6
and 97( 3%, respectively (Figure 6a). Moreover, in the presence
of DMSO, 10( 4% linear DNA was formed (Figure 6b), which
corresponds to am of 0.12 compared to them of 0.041 calculated
based on the Freifelder�Trumbo relationship9 (Figure 6c and
Figure S4, Supporting Information), indicating that small
amounts of double-strand cuts occurred also. By adding SOD
with catalase, only a slightly higher DNA cleavage efficiency
(65( 5%) was observed with Fe(II)N4Py/AA (Figure 6, ). Thus,
the quenching of 1O2 andHO

• promotes the DNA cleavage activity
of Fe(II)N4Py/AA, whereas quenching of O2

•� has only a minor
effect. A similar pattern was observed at 400.8 nm.
Origin of the Effect of ROS Scavenger onDNACleavage by

Fe(II)N4Py/NI and Fe(II)N4Py/AA. Under ambient lighting, the
same inhibition effect of ROS scavengers on DNA cleavage
activity was observed for Fe(II)N4Py, Fe(II)N4Py/NI, and
Fe(II)N4Py/AA (Figures 3, 5, and 6). This is not surprising
since the chromophores are not excited, and hence PET cannot
occur. Furthermore, this also suggests that the mechanism of
oxygen activation by Fe(II)N4Py is not altered by the presence
of NI or AA. However, when photo irradiation was employed, a
very different and surprising effect was observed with ROS
scavengers.
Under photo irradiation at 355 nm, by quenching HO• and

O2
•�, a dramatic increase in DNA cleavage activity was obtained

with Fe(II)N4Py/NI, whereas no effect was observed by remov-
ing 1O2 (Figure 5). To some extent, this is related to the
increased activity observed for NI alone in the presence of
SOD/catalase (vide supra). However, this is clearly only a part
of the explanation in view of the very different pattern of activity
observed upon the addition of scavengers. The results described
here for the Fe(II)N4Py/NI system present a paradox: it has
been well established that ROS, and in particular O2

•�, are key
active species in Fe(II)N4Py-mediated DNA cleavage.5f Yet here
it was observed that under irradiation and in the presence of NI
and AA, actually the scavenging of these same reactive oxygen
species gives rise to significantly higher DNA cleavage activity.
The effect of the ROS scavengers in these reactions is highly
surprising and at present not well understood. The complexity of
the present systemmakes it difficult to unambiguously assign the
origin of the observed effects and most likely a combination of
factors contribute. However, based on the data available, a
hypothesis can be presented to rationalize, at least partly, these
unexpected effects of ROS scavengers.
First, we propose that the nature of the reactive species

responsible for the enhanced DNA cleavage is not altered by
the presence of NI. Thus, the origin of the enhancement in

observed DNA cleavage activity is the increased rate of formation
of N4Py-Fe(III)-OOH, due to the faster reduction of Fe(III),
which is the species obtained after reaction of N4PyFe(II) with
O2 to produce O2

•�, aided by PET from the triplet excited state
of NI (3NI*) to Fe(III)N4Py (Scheme 1b).
PET processes involving NI derivatives have attracted wide-

spread attention because of the relatively long lifetime of the
lowest triplet excited state.16 The lifetime (τT) of

3NI* in H2O/
CH3CN (v/v = 1:1) has been determined to be in the range of
30�40 μs17 and is expected to be similar in the buffered aqueous
solutions employed in the present study. Therefore, τT of

3NI* in
the aqueous solutions used in the DNA cleavage reaction should
be sufficiently long to allow for significant intermolecular elec-
tron-transfer processes to take place. As the reduction of
Fe(III)N4Py back to Fe(II)N4Py has been shown to be rate
limiting, the majority of the iron�N4Py complex present
under reaction conditions will be in the Fe(III) redox state.5f

The ΔGet of PET from 3NI* to Fe(III)N4Py under the condi-
tions employed in the DNA cleavage studies is of the order
of�7∼�9 kcal mol�1 (see Supporting Information for details).
Thus, the reduction of Fe(III) by 3NI* will be thermodynamically
favorable and contributes to the increased efficiency of DNA
cleavage. However, a side reaction can also occur, which is the
reaction of 3NI* with HO• and O2

•� (Scheme 1c and d). As a
result of this, the reduction of Fe(III) is not competitive, and thus
no promoting effect of the chromophores on the DNA cleavage
activity is observed. Therefore, the addition of scavengers, such as
DMSO and SOD/catalase that decrease the concentration of
HO• and O2

•�, increases the probability of PET from 3NI* to
Fe(III)N4Py and thus increases the rate of reduction of Fe(III)
back to Fe(II). As a result, an increase in DNA cleavage activity
is observed.
It is important to realize that Fe(II)N4Py requires ROS, e.g.,

1O2 and O2
•�, to form the reactive species for DNA cleavage. As

a consequence, ROS cannot be scavenged completely since this
would also reduce DNA cleavage activity, as was shown before.5f

So, whereas on the one hand a high concentration of ROS
increases the rate of formation of the active iron species, on the
other hand it decreases the efficiency of PET, which has a
negative effect on the rate of formation of the active iron species.
Consequently, there is an optimum concentration of ROS to
achieve the highestDNAcleavage activity. Thus, the role of theROS
scavengers is most likely tomaintain a (near) optimal concentration
of ROS, which explains their overall promoting effect on DNA
cleavage activity in the present system under irradiation.

Scheme 1. Possible Processes Involved in the ROS
Scavenger-Enhanced DNA Cleavage with Fe(II)N4Py/NI
under Photo Irradiation
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Most likely similar effects as described for Fe(II)N4Py/NI at
355 nm are involved with AA and/or irradiation at 400.8 nm.
However, the system is quite complex, comprising of multiple
interacting components that respond differently to a change in
the system. This may give rise to a change in the composition and
nature of the ROS that are produced, which results in a different
scavenger pattern. Indeed, we have shown before that in the
absence of NI or AA, different ROS are produced depending on
the wavelength of irradiation.5g

Also in the present system a wavelength dependence was
observed. At 400.8 nm, the observed DNA cleavage activity of
Fe(II)N4Py/NI was increased by quenching 1O2 and HO•,
whereas by scavenging O2

•� it was decreased (Figure 5), which
is a different pattern than observed at 355 nm. It is possible to
generate 3NI* by photo irradiation at 400.8 nm, even though NI
does not show strong absorption at this wavelength (Figure 1),
albeit that much smaller amounts of 3NI* will be formed. This
would account for the less significant effect of scavenging HO•

and O2
•�, compared to that observed at 355 nm.

Replacing NI with AA resulted in a different scavenger pattern
compared to Fe(II)N4Py/NI. A notable change is that in
addition to HO• and O2, quenching of 1O2 also resulted in
increased DNA cleavage activity, albeit that in general the effects
were substantially less pronounced (Figure 6). The efficiency of
reduction of Fe(III)N4Py by the triplet state of AA (3AA*) is
significantly reduced due to the short lifetime (τT) of

3AA* in
H2O, which has been determined to be in the range of 15�20
ns.18 Moreover, the relative weaker absorption of AA (ε = 0.18�
104 M�1 cm�1) compared to NI (ε = 1.16� 104 M�1 cm�1) at
355 nm is also likely to contribute to the less significant effect
of ROS scavengers.

’CONCLUSIONS

The present study compared the DNA cleavage efficiency of
Fe(II)N4Py alone, Fe(II)N4Py combined with NI, and Fe-
(II)N4Py combined with AA under ambient lighting and photo
irradiation at 355 and 400.8 nm under aerobic conditions. Under
photo irradiation at 355 nm, the DNA cleavage efficiency of
Fe(II)N4Py was increased significantly in the presence of 5 equiv
of NI, indicating a synergestic effect, whereas at 400.8 nm or with
AA no beneficial effect was observed. Surprisingly in many cases
the addition of ROS scavengers gave rise to substantially
increased DNA cleavage activity. Most likely, the ROS scavengers
ensure a concentration of the ROS that give rise to the optimal
balance between PET from the chromophores to the Fe-
(III)N4Py complex, resulting in the reduction to the Fe(II) state
and the formation of the active iron complexes by reaction of
the Fe(II) complex with ROS, that are responsible for DNA
cleavage. Importantly, these results clearly illustrate the care that
should be exercised in the analysis of data resulting from the
addition of ROS scavengers as they can give rise to very
unexpected results, especially if the complexity of the system is
increased, that are not easily interpreted in terms of a single
simplified mechanism.
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